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ABSTRACT
WATER QUALITY CONSIDERATIONS IN  THE SLURRY P IP E L IN IN G  OF COAL
I n t e r e s t  in  th e  use o f  s lu r r y  p ip e l in e s  fo r  th e  movement o f  la r g e  volum es  
o f  c o a l over lo n g  d is ta n c e s  has in c re a s e d  r a p id ly  d u r in g  th e  l a s t  decade. In  
th e  e a r ly  1 9 7 0 's ,  t h is  in t e r e s t  in v o lv e d  th e  movement o f  W estern  c o a ls  to  mar­
k e ts  in  th e  s o u th w e s te rn  and w e s te rn  U n ite d  S ta te s .  In  re c e n t y e a rs , how ever, 
i n t e r e s t  in  th e  use o f  s lu r r y  p ip e l in e s  fo r  t r a n s p o r t in g  E a s te rn  c o a l d e v e l­
oped.
V e ry  l i t t l e  in fo r m a t io n  was a v a i la b le  c o n c e rn in g  th e  w a te r  q u a l i t y  as­
p ec ts  o f  th e  s lu r r y  p ip e l in in g  o f  E a s te rn  c o a l .  The re s e a rc h  program  was de­
v e lo p e d  to  commence b u i ld in g  th e  d a ta  base in  t h is  re g a rd . E x te n s iv e  w a te r  
q u a l i t y  in v e s t ig a t io n s  w ere conducted  u s in g  two E a s te rn  c o a ls  and v a r io u s  
w a te r  sources to  d e te rm in e  th e  c o a l-w a te r  r e la t io n s h ip s .  L a rg e  c o n c e n tra t io n s  
o f  s u l f a t e ,  h a rd n e s s , sodium , and t o t a l  d is s o lv e d  s o l id s  w ere  m easured in  
s lu r r y  w a s te w a te rs  p re p a re d  w ith  th e  two c o a ls .  A d d i t io n a l ly ,  la r g e  c h lo r id e  
c o n c e n tra t io n s  w ere m easured in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  th e  I l l i n o i s  
c o a l .
U l t im a te  b io c h e m ic a l oxygen demand curves w ere d eve lo p ed  fo r  s e v e ra l  
c o a ls  a t  s e le c te d  m ix in g  p e r io d s  to  d e te rm in e  th e  b io d e g ra d a b le  o rg a n ic  lo a d  
re p re s e n te d  by th e  s lu r r y  w a s te w a te r . L a b o ra to ry  s tu d ie s  w ere conducted  to  
d e te rm in e  th e  f a t e  o f  c h lo r id e  when s a l in e  w a te r  is  used to  form  th e  c o a l 
s lu r r y .  Mass b a la n c e s  w ere used to  d e te rm in e  th e s e  r e s u l t s .
M oore , James W.
W ater Q u a l i t y  C o n s id e ra t io n s  I n  th e  S lu r r y  P ip e l in in g  o f  C oal 
R e p o rt to  O f f ic e  o f  W ater R esearc h  and T e c h n o lo g y , A u g u s t, 1981 .
Keywords: S lu r r y  P ip e l in in g /W a te r  Q u a l i t y /S a l in e  W a te r /
B io c h e m ic a l Oxygen D em an d /E astern  C o a l/
x v i i i
C h ap te r 1
INTRODUCTION
Two r e l a t i v e l y  la r g e  v o lu m e -lo n g  d is ta n c e  s lu r r y  p ip e l in e s  have been con­
s t r u c te d  and o p e ra te d  in  th e  w o r ld . B oth  a re  lo c a te d  in  th e  U n ite d  S ta te s .  
These a re  th e  C o n s o lid a te d  C oal Company and B la c k  Mesa p ip e l in e s .  The C onso l­
id a te d  C oal Company p ip e l in e  o p e ra te d  fo r  s e v e ra l ye a rs  in  th e  l a t e  1 9 5 0 's .  
T h is  p ip e l in e  ex ten d ed  from  n ear C a d iz  to  E a s t la k e ,  O hio  t r a n s p o r t in g  c o a l fo r  
use in  C le v e la n d  E l e c t r i c  I l lu m in a t in g  Company's E a s t la k e  S t a t io n .  Movement 
o f  c o a l by th e  p ip e l in e  c o n tin u e d  f o r  abou t s ix  yea rs  u n t i l  a re d u c t io n  in  th e  
f r e ig h t  r a t e  fo r  movement by r a i l  made th e  l a t t e r  more e c o n o m ic a l. The te c h ­
n ic a l  f e a s i b i l i t y  o f  c o a l s lu r r y  p ip e l in in g  was d em o n stra ted  by t h is  p r o je c t .
In  th e  la t e  1 9 6 0 's ,  th e  B la c k  Mesa p ip e l in e  was c o n s tru c te d  to  move c o a l 
from  near K ayen ta  in  n o r th e a s te rn  A r iz o n a  to  th e  Mohave Power S ta t io n  in  
s o u th e a s te rn  N evada. One o f  th e  c o n s id e ra t io n s  in v o lv e d  in  th e  developm ent o f  
th is  p r o je c t  was th e  d is ta n c e  from  th e  m ine to  th e  n e a re s t r a i lh e a d .  A sub­
s t a n t i a l  amount o f new t r a c k  w ould have been r e q u ir e d  fo r  r a i l  sh ipm ent o f th e  
c o a l.  T h is  f a c to r  c o n tr ib u te d  to  th e  fa v o ra b le  economic c l im a te  fo r  th e  
s lu r r y  p ip e l in e  a l t e r n a t i v e .  The B la c k  Mesa p ip e l in e  is  273 m ile s  in  le n g th  
w ith  a c a p a c ity  o f  f i v e  m i l l i o n  tons per y e a r .  O p e ra t io n  o f  th e  p ip e l in e  has 
c le a r ly  been s u c c e s s fu l fo r  over a decade w ith  v e ry  h ig h  a v a i l a b i l i t y  and re ­
l i a b i l i t y  c h a r a c t e r is t ic s .  The s u c c e s s fu l o p e ra t io n  o f  th is  p ip e l in e  more 
c o m p le te ly  a f f ir m e d  th e  te c h n ic a l  f e a s i b i l i t y  o f  th e  p ro c e s s .
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F o llo w in g  c o m p le tio n  o f  th e  B la c k  Mesa p ip e l in e ,  in t e r e s t  in  th e  use o f  
th e  s lu r r y  p ip e l in in g  process fo r  th e  movement o f c o a l in c re a s e d  r a p id ly .  In  
excess o f  t h i r t y  p o s s ib le  p ip e l in e  ro u te s  have been in v e s t ig a te d  w ith  s ix  pro­
je c t s  in  advanced stages o f  deve lo p m en t. T h e re  is  l i t t l e ,  i f  any, q u e s tio n  
re m a in in g  re g a rd in g  th e  te c h n ic a l  v i a b i l i t y  o f  th e  c o a l s lu r r y  p ip e l in in g  
p ro c e s s . C o n s e q u e n tly , th e  m ajo r issu es  addressed  in  any p a r t i c u la r  p r o je c t  
a re  u s u a lly  d ir e c te d  a t  o th e r  th an  th e  te c h n ic a l  m e r its  o f  th e  p ro c e s s . W ater 
r ig h ts  and s u p p lie s , econom ic e v a lu a t io n s ,  r ig h t - o f - w a y  a c q u is i t io n ,  and e n v i­
ro n m e n ta l concerns s e rv e  as exam ples o f  th e  issu es  w h ich  d eve lo p  whenever a 
c o a l s lu r r y  p ip e l in e  p r o je c t  is  proposed .
C oal s lu r r y  p ip e l in e  p ro je c ts  in  th e  more advanced stages  o f developm ent 
in c lu d e  th e  E nergy T ra n s p o r ta t io n  System s, In c o rp o ra te d , San M arco , N o rth w est 
In te g r a te d  C oal E nergy  System , A lle n -W a rn e r  V a l le y ,  S tream  C oal and Texas  
E a s te rn  p ip e l in e s .  O f th e s e , th e  E nergy  T r a n s p o r ta t io n  System , In c .  p ip e l in e  
w i l l  p ro b a b ly  be th e  f i r s t  c o n s tru c te d .
One o f  th e  c o n s id e ra t io n s  in v o lv e d  in  th e  s lu r r y  p ip e l in in g  o f  c o a l in ­
v o lv e s  th e  w a te r q u a l i t y  aspects  o f  th e  p ip e l in in g  p ro c e s s . Because th e  in ­
t e r e s t  in  c o a l s lu r r y  p ip e l in in g  was i n i t i a l l y  c o n c e n tra te d  in  th e  w e s t, th e  
d a ta  base on th e  c o a l-w a te r  r e la t io n s h ip s  w hich occur d u r in g  movement o f  West­
e rn  c o a l by s lu r r y  p ip e l in e  is  more d eve lo p ed  than  fo r  E a s te rn  c o a ls . S im i­
l a r l y ,  d a ta  c o n c e rn in g  w a te r q u a l i t y  u p g rad in g  re q u ire m e n ts  and th e  tre a tm e n t  
measures s u i ta b le  f o r  q u a l i t y  r e s t o r a t io n  a re  in c re a s in g  w ith  re s p e c t  to  th e  
movement o f W estern  c o a l .  H ow ever, l i t t l e  in fo rm a t io n  is  a v a i la b le  c o n c e rn in g  
th e  c o a l-w a te r  r e la t io n s h ip s  w h ich  occur d u rin g  t r a n s p o r ta t io n  o f  E a s te rn  c o a l 
by p ip e l in e .  The re s e a rc h  program  on w hich th is  re p o r t  is  based was designed
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p r im a r i ly  to  commence b u i ld in g  th e  d a ta  base re g a rd in g  th e  w a te r  q u a l i t y  as­
pec ts  o f th e  shipm ent o f  E a s te rn  c o a l by s lu r r y  p ip e l in e .  A d d i t io n a l ly ,  se­
v e r a l  s p e c i f ic  o b je c t iv e s  d e a lin g  w ith  v a r io u s  aspects  o f  c o a l s lu r r y  p ip e l in ­
in g  w ere in c lu d e d  in  th e  re s e a rc h  program .
PURPOSE
The purpose o f  th is  re p o r t  is  to  p re s e n t th e  d a ta  d eve lo p ed  d u r in g  im p le ­
m e n ta tio n  o f th e  re s e a rc h  program . These d a ta  corresp o n d  w ith  th e  n in e  spe­
c i f i c  o b je c t iv e s  o f  th e  program . These w ere: 1 ) to  d e te rm in e  th e  ty p e  and
e x te n t  o f  w a te r q u a l i t y  changes w h ich  w i l l  occur as a r e s u l t  o f  s lu r r y  p ip e ­
l in in g  o f  h ig h - s u l f u r  E a s te rn  c o a l;  2 )  to  d e te rm in e  th e  tre a tm e n t p rocedures  
a p p lic a b le  f o r  r e s t o r a t io n  o f  th e  w a s te w a te r r e s u l t in g  from  th e  s lu r r y  p ip e ­
l in in g  o f  h ig h - s u l f u r  E a s te rn  c o a l;  3 )  to  d eve lo p  th e  u l t im a te  b io c h e m ic a l 
oxygen demand curves fo r  c o a l samples from  s e v e ra l sources to  d e te rm in e  t h e i r  
s i m i l a r i t i e s  and d i f f e r e n c e s ,  and to  d e te rm in e  i f  th e  curves a re  p r e d ic ta b le ;  
4 )  to  id e n t i f y  and assess th e  s ig n if ic a n c e  o f th e  fa c to r  in h i b i t i n g  b io lo g ic a l  
tre a tm e n t o f  th e  s lu r r y  w a s te w a te r; 5 ) to  id e n t i f y  th e  ty p e  and e x te n t  o f o r­
g a n ic  m a te r ia ls  p re s e n t in  th e  s lu r r y  w a s te w a te r; 6 )  to  assess th e  s i g n i f i ­
cance o f  th e s e  o rg a n ic  m a te r ia ls ;  7 )  to  d e te rm in e  th e  tre a tm e n t m easures s u i t ­
a b le  f o r  rem oval o f  th e  o rg a n ic  m a t e r ia ls ,  i f  n e c e s s a ry ; 8 )  to  deve lo p  a 
p ro ced u re  whereby th e  ch em ica l p a ra m e te r c o n c e n tra t io n s  can be p re d ic te d  fo r  a 
g iv e n  c o a l and w a te r q u a l i t y ,  and; 9 )  to  in v e s t ig a te  th e  f e a s i b i l i t y  o f  u s in g  
s a l in e  w a te r as th e  s lu r r y  medium.
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SCOPE
The r e p o r t  in c lu d e s  d a ta  on the  c h a r a c t e r is t ic s  o f  s lu r r y  w a s te w a te r w ith  
re s p e c t  to  a l k a l i n i t y ,  b io c h e m ic a l oxygen demand, b o ro n , c a lc iu m , ch em ica l ox­
ygen demand, d is s o lv e d  s o l id s ,  f lu o r id e ,  i r o n ,  le a d , m anganese, magnesium, 
n ic k e l ,  pH, p o tass iu m , s i l i c a ,  sodium , s u l f a t e ,  t i t a n iu m , t o t a l  hardness and 
z in c .  Comparisons o f  th e  s lu r r y  w a s te w a te r c h a r a c t e r is t ic s  from  s lu r r ie s  p re ­
p ared  w ith  c o a l from  two sources and d i s t i l l e d  w a te r a re  p re s e n te d  to  in d ic a te  
th e  e f f e c ts  o f c o a l source on w a s tew ate r c h a r a c t e r is t ic s .  S im i la r  com parisons  
o f  w a te r  q u a l i t y  param eters  fo r  s lu r r ie s  p re p a re d  w ith  d i s t i l l e d  w a te r  and 
o th e r  w a te r sources a re  p ro v id e d  to  show in d ic a t io n s  o f  th e  e f f e c ts  o f  in ­
f lu e n t  w a te r  q u a l i t y  on th e  s lu r r y  w a s te w a te r c h a r a c t e r is t ic s .
U lt im a te  b io c h e m ic a l oxygen demand curves a re  p re s e n te d  to  in d ic a te  th e  
e f f e c t  o f  c o a l source on th e  m agn itude o f  t h is  p a ra m e te r . T re a tm e n t te c h n i­
ques a p p lic a b le  f o r  w a te r q u a l i t y  r e s t o r a t io n  a re  i d e n t i f i e d  and d a ta  d e v e l­
oped d u r in g  th e  tre a tm e n t s tu d ie s  a re  in c lu d e d .
The r e s u lts  o f l in e a r  and m u l t ip le  re g re s s io n  a n a ly s e s  on s lu r r y  wastewa­
t e r  d a ta  d eve lo p ed  w ith  b o th  E a s te rn  and W estern  c o a ls  a re  p re s e n te d . These  
r e s u lts  in d ic a te  tre n d s  w ith  re s p e c t to  param eter c o n c e n tra t io n s  as a fu n c t io n  
o f  d e te n t io n  t im e .
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C h ap ter 2
SUMMARY OF FINDINGS AND CONCLUSIONS
The fo l lo w in g  f in d in g s  and c o n c lu s io n s  w ere d e r iv e d  from  th e  d a ta  d e v e l­
oped d u rin g  th e  re s e a rc h  program :
1 . The c h a r a c te r is t ic s  o f th e  s lu r r y  w a s te w a te r r e s u l t in g  from  th e  
p ip e l in in g  o f  E a s te rn  c o a l a re  dependent on th e  source o f  c o a l 
used . C o n s e q u e n tly , d e f i n i t i v e  d a ta  fo r  a s p e c i f ic  p ip e l in e  
p r o je c t  must be d eve lo p ed  u s in g  th e  s p e c i f ic  c o a l to  be t ra n s ­
p o rte d  in  th e  p ip e l in e .
2 . The c h a r a c te r is t ic s  o f  th e  w a te r  used to  form  th e  s lu r r y  i n f l u ­
ence th e  c o n c e n tra tio n s  o f  c e r t a in  param eters  in  th e  s lu r r y  
w a s te w a te r . The s ig n if ic a n c e  o f  th is  in f lu e n c e  is  c le a r ly  p a r­
am eter s p e c i f ic .
3 . H ig h  c o n c e n tra tio n s  o f s u l f a t e ,  h a rd n e s s , sodium and t o t a l  d is ­
s o lv e d  s o lid s  w ere m easured in  s lu r r y  w as tew ate rs  p re p a re d  w ith  
E a s te rn  c o a ls . A d d i t io n a l ly ,  la rg e  c o n c e n tra t io n s  o f  c h lo r id e  
w ere m easured in  s lu r r y  w astew ate rs  p re p a re d  w ith  th e  I l l i n o i s  
c o a l.
4 .  The la rg e  c o n c e n tra t io n s  o f  s u l f a t e ,  c h lo r id e  and t o t a l  d is ­
s o lv e d  s o lid s  w i l l  in c re a s e  th e  c o m p le x ity  and expense o f  r e s to ­
r a t io n  o f th e  s lu r r y  w a s te w a te r q u a l i t y ,  should  r e s t o r a t io n  be 
r e q u ir e d .
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5 . The hardness c o n c e n tra tio n s  in  th e  s lu r r y  w astew ate rs  p reap red  
w ith  th e  E a s te rn  c o a ls  a re  p r im a r i ly  s ig n i f ic a n t  from  the  v iew ­
p o in t  o f  la r g e r  tre a tm e n t costs  and s ludge d is p o s a l r e q u ir e ­
m en ts . C o n v e n tio n a l lim e  or lim e -s o d a  ash s o f te n in g  can reduce  
th e s e  c o n c e n tra tio n s  to  a c c e p ta b le  le v e ls .
6 .  T rea tm en t re q u ire m e n ts  fo r  re d u c t io n  o f th e  b io c h e m ic a l oxygen  
demand in  s lu r r y  w astew aters  p rep ared  w ith  b o th  c o a ls  w i l l  p rob­
a b ly  be s i t e  s p e c i f ic ,  because o f th e  r e l a t i v e l y  low  c o n c e n tra ­
t io n s  .
7 . The b io c h e m ic a l oxygen demand c o n c e n tra tio n s  in  s lu r r y  wastewa­
te r s  p re p a re d  w ith  b o th  E a s te rn  c o a ls  w ere c o n s id e ra b ly  le s s  
th an  in  s lu r r y  w as tew ate rs  p re p a re d  w ith  W estern  c o a ls  p r e v i ­
o u s ly  in v e s t ig a te d .
8 .  W ith  a c c lim a te d  m icroorgan ism s used as seed , th e  u l t im a te  b io ­
ch em ica l oxygen demand is  developed  in  about a tw e lv e -d a y  p e r io d
as compared w ith  2 5 -3 0  days fo r  t y p ic a l  dom estic  w a s te w a te r .
9 .  The use o f s a l in e  w a te r  as th e  s lu r r y  medium should  be employed
o n ly  a f t e r  v e ry  c a r e fu l  e v a lu a t io n  o f  th e  p o t e n t ia l  ad verse  e f ­
fe c ts  on fu rn a c e  and f lu e  gas p ro c e s s in g  equ ipm ent.
10 . The a l k a l i n i t y  c o n c e n tra tio n s  in  s lu r r y  w a s tew ate rs  p rep ared  
w ith  th e  E a s te rn  c o a ls  w ere a l l  low and tended  to  d ecrease  w ith  
in c re a s in g  d e te n t io n  t im e .
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11 . T o ta l  a l k a l i n i t y  c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  
w ith  th e  Kansas c o a l w ere la r g e r  than  in  s lu r r y  w as tew ate rs  
p re p a re d  w ith  th e  I l l i n o i s  c o a l.
12 . A lth o u g h  th e  a l k a l i n i t i e s  w ere lo w , th e  pH v a lu e s  rem ained  
w it h in  an a c c e p ta b le  ran g e  f o r  a l l  o f  th e  e x p e r im e n ta l ru n s .
13 . The f iv e - d a y  b io c h e m ic a l oxygen demand c o n c e n tra t io n s  in  s lu r r y  
w as te w a te rs  p re p a re d  w ith  b o th  c o a ls  w ere r e l a t i v e l y  lo w .
14 . The ch em ica l oxygen demand c o n c e n tra t io n s  in  s lu r r y  w as te w a te rs  
p re p a re d  w ith  th e  two E a s te rn  c o a ls  w ere r e l a t i v e l y  lo w .
1 5 . The ch em ica l oxygen demand c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  
p re p a re d  w ith  th e  I l l i n o i s  c o a l w ere  s i g n i f i c a n t l y  le s s  than  in  
th o se  p re p a re d  w ith  th e  Kansas c o a l .  T h is  may be a t t r ib u t a b le  
to  th e  use o f washed I l l i n o i s  c o a l (a s  lump c o a l)  and unwashed 
Kansas c o a l .
16 . The r e l a t i v e l y  h ig h  f iv e - d a y  b io c h e m ic a l oxygen demand to  chem­
i c a l  oxygen demand r a t io s  in d ic a t e  t h a t ,  once m icroorgan ism s  
a re  a c c lim a te d , th e  w a s te w a te rs  a re  r e a d i ly  b io d e g ra d a b le .
17 . C alc ium  and t o t a l  hardness c o n c e n tra t io n s  w ere v e ry  h ig h  in  
s lu r r y  w as te w a te rs  p re p a re d  w ith  b o th  E a s te rn  c o a ls .
-  7 -
1 8 . The c a lc iu m  to  t o t a l  hardness r a t io s  in  s lu r r y  w as te w a te rs  
p re p a re d  w ith  th e  two E a s te rn  c o a ls  w ere s ig n i f i c a n t l y  d i f f e r ­
e n t .  S lu r r y  w a s te w a te rs  p re p a re d  w ith  th e  I l l i n o i s  c o a l had  
much h ig h e r  c a lc iu m  to  t o t a l  hardness r a t i o s .
1 9 . The h ig h  hardness c o n c e n tra t io n s  in  th e  s lu r r y  w a s te w a te rs  p re ­
p ared  w ith  th e  two c o a ls  tended  to  m in im iz e  th e  in f lu e n c e  o f  
th e  hardness in  th e  w a te r  used as th e  s lu r r y  m edia on th e  h ard ­
ness c o n c e n tra t io n s  in  th e  s lu r r y  w a s te w a te r .
2 0 . The e f f e c t  o f d e te n t io n  t im e  on th e  c a lc iu m  and t o t a l  hardness  
c o n c e n tra t io n s  in  th e  s lu r r y  w a s te w a te rs  was c le a r ly  d i f f e r e n t  
f o r  th e  two E a s te rn  c o a ls . F o r s lu r r y  w a s te w a te rs  p re p a re d  
w ith  th e  Kansas c o a l ,  th e  i n i t i a l  c o n c e n tra t io n s  w ere g e n e r a l ly  
r e p r e s e n ta t iv e  o f  th o se  f o r  th e  rem a in d er o f  th e  e x p e r im e n ta l  
ru n . For s lu r r y  w as te w a te rs  p re p a re d  w ith  th e  I l l i n o i s  c o a l,  
th e  hardness c o n c e n tra t io n s  c le a r ly  in c re a s e d  w ith  in c r e a s in g  
d e te n t io n  t im e .
2 1 . The c h lo r id e  c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  
th e  two c o a ls  w ere s u b s t a n t ia l ly  d i f f e r e n t .  The averag e  con­
c e n t r a t io n s  w ere 90 and 1 ,5 0 0  m ill ig ra m s  per l i t e r  f o r  s lu r r y  
w a s te w a te rs  p re p a re d  w ith  th e  Kansas and I l l i n o i s  c o a ls ,  r e ­
s p e c t iv e ly .
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22 . The c h lo r id e  c o n c e n tra t io n s  tended  to  in c re a s e  w ith  in c re a s in g  
d e te n t io n  tim e  in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  b o th  c o a ls .
2 3 . M easu reab le  q u a n t i t ie s  o f  f lu o r id e  w ere p re s e n t in  s lu r r y  
w a s te w a te rs  p re p a re d  w ith  b o th  E a s te rn  c o a ls . The f lu o r id e  
c o n c e n tra t io n s  w ere  in  th e  one to  two m il l ig ra m s  p er l i t e r  
ra n g e .
2 4 . A g e n e ra l tendency  f o r  in c r e a s in g  f lu o r id e  c o n c e n tra t io n s  w ith  
in c re a s in g  d e te n t io n  tim e  was e v id e n t  from  th e  d a ta .
2 5 . M eas u re a b le  q u a n t i t ie s  o f  le a d  w ere p re s e n t in  th e  s lu r r y  
w a s te w a te rs  p re p a re d  w ith  b o th  E a s te rn  c o a ls .  A lth o u g h  th e s e  
c o n c e n tra t io n s  w ere c o n s id e ra b ly  le s s  th an  one m i l l ig r a m  p er  
l i t e r ,  le a d  may be s ig n i f i c a n t  because o f  v e ry  low a llo w a b le  
le a d  c o n c e n tra t io n s  s p e c if ie d  in  some w a te r  q u a l i t y  s ta n d a rd s . 
P r o je c t  and s i t e  s p e c i f ic  fa c to r s  w i l l  d e te rm in e  th e  s i g n i f i ­
cance o f th is  p a ra m e te r .
2 6 . A s l i g h t  tendency  fo r  d e c re a s in g  le a d  c o n c e n tra t io n s  w ith  in ­
c re a s in g  d e te n t io n  tim e  was a p p a re n t from  th e  d a ta .
2 7 . R e la t iv e ly  la r g e  c o n c e n tra t io n s  o f  manganese w ere  p re s e n t in  
s lu r r y  w a s te w a te rs  p re p a re d  w i th  th e  Kansas c o a l .  These con­
c e n t r a t io n s  c le a r ly  d ecreas ed  w it h  in c r e a s in g  d e te n t io n  t im e .
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2 8 . Manganese c o n c e n tra t io n s  w ere c le a r ly  a fu n c t io n  o f c o a l 
s o u rc e . The d a ta  in d ic a te d  le s s  manganese was p re s e n t in  
s lu r r y  w a s te w a te rs  p re p a re d  w ith  I l l i n o i s  c o a l than  in  th o se  
p re p a re d  w i th  th e  Kansas c o a l .
2 9 . S ig n i f ic a n t  n ic k e l  c o n c e n tra t io n s  w ere p re s e n t in  s lu r r y  w a s te -  
w a te rs  p re p a re d  w i th  b o th  E a s te rn  c o a ls .  S u rfa c e  w a te r q u a l i t y  
s ta n d a rd s  o r d in a r i l y  c o n ta in  v e ry  low a llo w a b le  d is c h a rg e  l im ­
i t s  f o r  th is  p a ra m e te r .
3 0 . The n ic k e l  c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  
b o th  c o a ls  decreased  w ith  in c re a s in g  d e te n t io n  t im e  in d ic a t in g  
rem o va l from  th e  aqueous phase.
3 1 . The pH v a lu e s  o f  th e  s lu r r y  w a s te w a te rs  c le a r ly  in c re a s e d  w ith  
in c r e a s in g  d e te n t io n  t im e .
3 2 . The p o tass ium  c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  
w ith  b o th  c o a ls  w ere a l l  low and would n o t be s ig n i f i c a n t  o th e r  
th an  f o r  a v e ry  m inor c o n t r ib u t io n  to  d is s o lv e d  s o l id s .
3 3 . The po tassium  c o n c e n tra t io n s  c le a r ly  in c re a s e d  w ith  in c re a s in g  
d e te n t io n  t im e .
3 4 . The s i l i c a  c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  
th e  I l l i n o i s  c o a l w ere s i g n i f i c a n t l y  le s s  th an  in  s lu r r y  w a s te -
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w a te rs  p re p a re d  w ith  th e  Kansas c o a l .  H ow ever, th e  s i l i c a  con­
c e n tr a t io n s  were nom ina l in  s lu r r y  w as te w a te rs  p re p a re d  w ith  
b o th  c o a ls .
3 5 . S u b s ta n t ia l  d if fe r e n c e s  in  sodium c o n c e n tra t io n s  w ere observed  
in  s lu r r y  w as te w a te rs  p re p a re d  w ith  th e  two c o a ls . The sodium  
c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  th e  I l l i n o i s  
c o a l w ere g r e a te r  th an  th o se  p re p a re d  w ith  th e  Kansas c o a l .
3 6 . The sodium c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w ith  
th e  Kansas c o a l w ere s ig n i f i c a n t  b o th  because o f  th e  r e l a t i v e l y  
h ig h  c o n c e n tra t io n s  ( f o r  f r e s h  w a te r )  and because sodium is  
r e l a t i v e l y  e x p e n s iv e  to  rem ove.
3 7 . The s u l f a t e  c o n c e n tra t io n s  w ere  h ig h  in  s lu r r y  w a s te w a te rs  p re ­
p ared  w ith  b o th  c o a ls . S in c e  s u l f a t e  is  a p a ram ete r u s u a lly  
in c lu d e d  in  s u r fa c e  w a te r  q u a l i t y  s ta n d a rd s , th is  p a ra m e te r is  
s ig n i f i c a n t  b o th  d i r e c t l y  and because o f  th e  c o n t r ib u t io n  to  
d is s o lv e d  s o l id s .
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C h a p te r  3
BACKGROUND
The c o a l-w a te r  m ix tu re  in  a s lu r r y  p ip e l in e  is  a com plex en v iro n m en t in  
w h ich  numerous p h y s ic a l ,  ch e m ic a l and b io lo g ic a l  a c t i v i t i e s  may o c c u r. These  
re a c t io n s  in v o lv e  b o th  th e  t r a n s f e r  o f im p u r i t ie s  in  th e  c o a l in t o  th e  l iq u id  
phase and im p u r i t ie s  in  th e  w a te r  in t o  th e  s o l id  phase. A v a r i e t y  o f  fa c to rs  
d e te rm in e  th e  ty p e  and e x te n t  o f  changes w hich may r e s u l t  from  m ix in g  w a te r  
w ith  c o a l .  Among o th e r s , th e s e  fa c to r s  in c lu d e  d e te n t io n  t im e , m ix in g  r a t e ,  
th e  r e l a t i v e  p ro p o r t io n s  o f w a te r and c o a l ,  th e  q u a l i t y  o f  w a te r  used as the  
s lu r r y  m ed ia , and th e  source and ty p e  o f  c o a l used ( 1 , 2 ) .  Because o f  th e  va­
r i e t y  o f  fa c to r s  w h ich  may a f f e c t  th e  c o a l-w a te r  r e la t io n s h ip ,  a b r i e f  re v ie w  
and d e s c r ip t io n  o f  th e  c o a l s lu r r y  p ip e l in in g  process is  a p p r o p r ia te .
GENERAL DESCRIPTION OF THE COAL SLURRY P IPELIN IN G  PROCESS
The process o f  t r a n s p o r t in g  c o a l in  a s lu r r y  p ip e l in e  is  b a s ic a l ly  th e  
same as f o r  t r a n s p o r t in g  any o th e r  s o l id  m a t e r ia l  w ith  a s p e c i f ic  g r a v i t y  
g r e a te r  than  th a t  o f  th e  suspension  f l u i d  in  a p ip e l in e .  S e v e ra l s lu r r y  p ip e ­
l in e s  have been c o n s tru c te d  and o p e ra te d  around th e  w o rld  f o r  t r a n s p o r t in g  
v a r io u s  s o l id  m a t e r ia ls .  Copper c o n c e n tra te ,  i r o n  o re , lim e s to n e  and c o a l a re  
c u r r e n t ly  t ra n s p o r te d  by s lu r r y  p ip e l in e ,  fo r  exam ple .
B a s ic a l ly ,  th e  c o a l s lu r r y  p ip e l in in g  process c o n s is ts  o f  c ru s h in g  and 
g r in d in g  th e  c o a l to  a s iz e  th a t  w i l l  a l lo w  suspension  in  w a te r ,  m ix in g  o f  th e  
c o a l and w a te r  ( s l u r r y  fo r m a t io n ) ,  movement o f  th e  s lu r r y  th ro u g h  th e  p ip e l in e  
by pum ping, and s e p a ra t io n  o f  th e  c o a l s o lid s  from  th e  l i q u id  a t  th e  r e c e iv in g  
s t a t io n .  F ig u re  1 shows a t y p ic a l  f lo w  d iag ram  o f a lo n g  d is ta n c e  p ip e l in e .
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F ig u re  1: Flow  D iagram  Of A Long D is ta n c e  C oal S lu r r y  P ip e l in e  System  
(R e p r in te d  From P ip e l in e  In d u s t r y ,  May, 1975 ( 3 ) )
HISTORY OF COAL SLURRY P IPELIN ING
The concept o f t r a n s p o r t in g  c o a l by s lu r r y  p ip e l in e  is  an o ld  one. A 
w o rk in g  model o f  a s lu r r y  p ip e l in e  was b u i l t  in  1 8 8 0 . A 1 3 -m ile  p ip e l in e  has 
o p e ra te d  s u c c e s s fu lly  f o r  o ver tw e n ty  y e a rs  in  F ra n c e  ( 4 ) .  H ow ever, th e  f i r s t  
m ajo r c o a l s lu r r y  p ip e l in e  was n o t c o n s tru c te d  u n t i l  th e  m id -1 9 5 0 's .  T h is  
p ip e l in e ,  c o n s tru c te d  by th e  C o n s o lid a te d  C oal Company, t ra n s p o r te d  c o a l from  
C a d iz , O h io , to  C le v e la n d  E le c t r i c  I l lu m in a t in g  Company's E a s t la k e  S ta t io n  
( 5 ) .  D isag reem en t w ith  e x is t in g  r a i l  f r e ig h t  ra te s  a p p a re n t ly  was th e  m o t iv a -
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t io n  f o r  d e v e lo p in g  th e  s lu r r y  p ip e l in e  p r o je c t .  The s lu r r y  p ip e l in e  was used  
f o r  d e l iv e r in g  c o a l fo r  o n ly  ab o u t s ix  y e a rs  because a subsequent r e d u c t io n  in  
f r e i g h t  r a te s  made r a i l  sh ipm ent more econom ica l ( 5 ) .  H ow ever, th e  p ip e l in e  
was m a in ta in e d  in  a " re a d y "  s ta tu s  f o r  s e v e ra l y e a rs  in  case th e  r a i l  f r e ig h t  
r a te s  in c re a s e d  s u f f i c i e n t l y  th a t  p ip e l in e  shipm ent would be more e c o n o m ic a l. 
The p ip e l in e  was s m a ll by c u r re n t  s ta n d a rd s  b o th  in  s iz e  and le n g th .  P ip e l in e  
le n g th  was 108 m ile s  w i th  a d ia m e te r  o f  te n  in c h e s  ( 5 ) .
The second m a jo r c o a l s lu r r y  p ip e l in e  p r o je c t  c o n s tru c te d  was th e  B la c k  
Mesa p ip e l in e  w h ich  d e l iv e r s  c o a l from  th e  B la c k  Mesa m ine n e a r K ayen ta  in  
n o r th e a s te rn  A r iz o n a  to  th e  Mohave Power S ta t io n  in  s o u th e a s te rn  N evada. T h is  
p ip e l in e  has been in  o p e ra t io n  s in c e  1970 and has d is p la y e d  e x c e l le n t  opera­
t i o n a l  c h a r a c t e r is t ic s .  R e l i a b i l i t y  and a v a i l a b i l i t y  v a lu e s  fo r  th is  p ip e l in e  
have been v e ry  h ig h . A tta in m e n t o f  a v a i l a b i l i t y  v a lu e s  e x c e e d in g  99 p e rc e n t  
was accom plished  v e ry  e a r ly  in  th e  o p e r a t io n a l  p e r io d  ( 6 ) .  The B la c k  Mesa 
s lu r r y  p ip e l in e  is  273 m ile s  in  le n g th  and is  e ig h te e n  in ch es  in  d ia m e te r  fo r  
most o f  i t s  le n g th . P ip e l in e  s iz e  was reduced  to  tw e lv e  in ch es  fo r  th e  pur­
pose o f  d is s ip a t in g  head as th e  l i n e  descends in t o  th e  C o lo ra d o  R iv e r  v a l l e y .  
A nnual th ro u g h p u t c a p a c ity  o f  th e  p ip e l in e  is  about f i v e  m i l l i o n  to n s .
These two p ip e l in e s  a re  th e  o n ly  lo n g  d is ta n c e  -  la r g e  volum e c o a l s lu r r y  
p ip e l in e s  w h ich  have been c o n s tru c te d  in  th e  w o r ld . H ow ever, in  excess o f  
t h i r t y  p ip e l in e  c o r r id o r s  have been e v a lu a te d  in  th e  U n ite d  S ta te s  a lo n e  s in c e  
c o n s tr u c t io n  o f  th e  B la c k  Mesa system . O th e rs  have been e v a lu a te d  around th e  
w o r ld .
S e v e ra l c o a l s lu r r y  p ip e l in e  p r o je c ts  a re  under developm ent in  th e  U n ite d  
S ta te s .  O f th e s e , s ix  have been under developm ent f o r  s e v e ra l y e a r s .  These
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a re  th e  Energy T ra n s p o r ta t io n s  System s, In c o rp o ra te d ;  S tream  C o a l; N o rth w es t  
In te g r a te d  C oal E nergy  System ; San M arco; A lle n -W a rn e r  V a l le y ,  and; Texas  
E a s te rn  p ip e l in e s .
The E nergy T ra n s p o ra t io n  System s, In c o rp o ra te d  p ip e l in e  w i l l  be p ro b a b ly  
be th e  f i r s t  o f th e s e  c o n s tru c te d . T h is  p ip e l in e  w i l l  d e l iv e r  c o a l from  th e  
Powder R iv e r  B a s in  in  n o r th e a s te rn  Wyoming to  th e  A rkansas -  L o u is ia n a  -  M is ­
s is s ip p i  a re a . P ip e l in e  c a p a c ity  w i l l  be in  th e  2 5 -3 5  m i l l i o n  tons p er y e a r  
ra n g e . P ip e l in e  s iz e  is  p ro je c te d  to  be 38 in ch es  in  d ia m e te r  w ith  a le n g th  
o f about 1400 m ile s  ( 7 ) .  The e n v iro n m e n ta l im p act s ta te m e n t has been p re p a re d  
f o r  th is  p r o je c t .  C o n s tru c tio n  is  schedu led  to  s t a r t  w i t h in  th e  n e x t two 
y e a rs . T h is  p r o je c t  w i l l  be u n ique  compared w ith  th e  two p re v io u s  c o a l s lu r r y  
p ip e l in e s  because i t  w i l l  d e l iv e r  c o a l to  s e v e ra l u s e rs  r a th e r  th an  b e in g  a 
s in g le  s o u rc e -s in g le  d e l iv e r y  p o in t  system . W ater fo r  th e  s lu r r y  p ip e l in e  
w i l l  be o b ta in e d  from  deep w e lls  in  th e  M adison fo rm a t io n .
The S tream  C oal p ip e l in e  is  th e  f i r s t  o f  th e  p ro je c ts  c u r r e n t ly  under de­
velopm ent or proposed w h ich  w i l l  move E a s te rn  c o a l to  m a rk e ts . A lth o u g h  th e  
C o n s o lid a te d  C o a l Company p ip e l in e  d e l iv e r e d  E a s te rn  c o a l ,  th e  p r o je c t  was de­
v e lo p e d  under c o n d it io n s  w hich do n o t e x is t  to d a y . E n v iro n m e n ta l c o n s tr a in ts  
and o th e r  fa c to r s  have c o n s id e ra b ly  a l t e r e d  th e  d i f f i c u l t y  o f  ta k in g  a p r o je c t  
from  c o n c e p tio n  to  c o m p le tio n . C o n s e q u e n tly , th e  S tream  Coal p ip e l in e  is  
b re a k in g  new ground w ith  re s p e c t  to  th e  movement o f  E a s te rn  c o a l .  T h is  p ip e ­
l in e  is  p ro je c te d  to  have a c a p a c ity  in  th e  1 5 -4 5  m i l l i o n  tons per y e a r  ra n g e . 
P ip e l in e  le n g th  is  e s tim a te d  a t  1 ,5 0 0  m ile s .  C oal w i l l  be t ra n s p o r te d  from  
th e  I l l i n o i s  and West V i r g i n i a  a re a s  to  use s i te s  in  th e  F lo r id a -G e o r g ia  re ­
g io n .
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The San M arco s lu r r y  p ip e l in e  w i l l  t r a n s p o r t  c o a l from  s o u th e rn  C o lo rado  
to  d e l iv e r y  s i te s  in  Texas w ith  th e  te rm in u s  o f  th e  p ip e l in e  lo c a te d  in  th e  
H ouston a re a . T h is  p ip e l in e  w i l l  be about 900 m ile s  lo n g  w ith  a c a p a c ity  o f  
about 10 m i l l i o n  tons p er y e a r .  C oal w i l l  be o b ta in e d  from  th e  W alsenburg  
c o a l d e p o s it  in  C o lo rad o  w ith  w a te r  o b ta in e d  from  w e l ls .  As w ith  th e  E nergy  
T r a n s p o r ta t io n  System s, In c o rp o ra te d  p ip e l in e  p r o je c t ,  e x te n s iv e  w ork has been  
conducted  w ith  re s p e c t  to  o b ta in in g  and d e v e lo p in g  th e  w a te r  res o u rc e s  to  be 
used .
The N o rth w es t In te g r a te d  C oal E nergy  System  (N IC E S ) p ip e l in e  w i l l  d e l iv e r  
c o a l from  Wyoming to  use s i t e s  in  th e  O regon-W ash ing ton  a re a . P ip e l in e  le n g th  
w i l l  be about 1 ,1 0 0  m ile s .  A nnual th ro u g h p u t c a p a c ity  is  e x p e c te d  to  be about 
25 m i l l i o n  tons per y e a r .
The A lle n -W a rn e r  V a l le y  p ip e l in e  is  p a r t  o f  a com plex c o a l d e liv e ry -p o w e r  
g e n e r a t io n -e x t r a  h ig h  v o lta g e  tra n s m is s io n  p r o je c t .  P ip e l in e  le n g th  is  r e la ­
t i v e l y  s h o rt by c u r re n t  s ta n d a rd s  s in c e  i t  w i l l  be p a r t  o f  an in te g r a te d  sys­
tem . The p ip e l in e  is  exp e c te d  to  d e l iv e r  about 1 1 .6  m i l l i o n  tons o f  c o a l p e r  
y e a r .
The Texas E a s te rn  C o rp o ra t io n  p ip e l in e  would move c o a l from  th e  Powder 
R iv e r  B a s in  to  th e  H o u sto n , Texas a re a . P ip e l in e  c a p a c ity  is  e s t im a te d  to  be 
about 22 m i l l i o n  tons per y e a r .  P ip e l in e  le n g th  is  exp e c te d  to  be about 1 ,2 6 0  
m ile s  ( 8 ) .  D i f f i c u l t y  in  o b ta in in g  s u f f i c i e n t  w a te r  r ig h t s  has in h ib i t e d  de­
ve lopm ent o f th is  p r o je c t .
The V i r g i n i a  E l e c t r i c  Power Company (VEPCO) p ip e l in e  w i l l  move E a s te rn  
c o a l to  m a rk e t. P ip e l in e  le n g th  is  a n t ic ip a te d  to  be about 350 m i le s .  Capac­
i t y  o f  th e  p ip e l in e  w i l l  be about 5 m i l l i o n  tons p er y e a r  ( 8 ) .
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T he  P a c i f i c  B u l k  p i p e l i n e  w i l l  be  a b o u t  6 50  m i l e s  i n  l e n g t h  i n  t h e  U n i t e d  
S t a t e s .  A n n u a l  t h r o u g h p u t  c a p a c i t y  i s  e s t i m a t e d  a t  10 m i l l i o n  t o n s  p e r  y e a r  
( 8 ) .
N um erous  o t h e r  p i p e l i n e  c o r r i d o r s  h a v e  b e e n  o r  a r e  b e i n g  i n v e s t i g a t e d .  






F i g u r e  2 :  Summary O f  E x i s t i n g ,  P la n n e d  A nd  P r o p o s e d  C o a l  S l u r r y  P i p e l i n e s
A n d  O f  C o r r i d o r s  W h ic h  H ave  B e e n  E v a l u a t e d  
( R e p r i n t e d  F ro m  STA D a t a  ( 8 ) )
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CONSOLIDATED COAL COMPANY PIPELINE
A nnual th ro u g h p u t c a p a c ity  was about 1 .3  m i l l i o n  tons per y e a r .  As w ith  
o th e r  s lu r r y  p ip e l in e  system s, th e  o v e r a l l  o p e ra t io n  c o n s is te d  o f  th re e  b a s ic  
s te p s . These w ere  s lu r r y  p r e p a r a t io n ,  s lu r r y  t r a n s p o r ta t io n  and s lu r r y  dewa­
t e r in g .
S lu r r y  p r e p a r a t io n  e s s e n t ia l l y  c o n s is te d  o f  s c re e n in g , c ru s h in g , m ix in g , 
and s to ra g e  f a c i l i t i e s .  C le a n  3 /8  in c h  by 0 c o a l was i n i t i a l l y  screen e d  w ith  
th e  screen  u n d e rs iz e  s to re d  in  d rag  ta n k s . The sc reen  o v e rs iz e  was e i t h e r  
crushed  o r s to re d  in  a s to ra g e  pond. I f  c ru s h e d , th e  sc reen  o v e rs iz e  was e i ­
th e r  sen t to  d rag  ta n k s  o r to  a second s to ra g e  pond. The d e s t in a t io n  was de­
te rm in e d  by th e  q u a n t i t y  o f  c o a l needed fo r  th e  p ip e l in e  a t  th a t  p a r t ic u la r  
t im e . The v e ry  f in e  c o a l c a r r ie d  over w ith  th e  o v e r f lo w  from  th e  d rag  tan ks  
was s to re d  in  a t h i r d  pond. S to ra g e  in  th re e  ponds r a th e r  than  in  a s in g le  
pond was used to  a v o id  s e g re g a t io n  by s iz e  f r a c t io n s .  By p re v e n t in g  segrega­
t i o n ,  th e  s iz e  f r a c t io n s  co u ld  be recom bined in  th e  p ro p o r t io n s  r e q u ir e d  ( 5 ) .
S lu r r y  movement in  th e  p ip e l in e  was accom plished  by a s e r ie s  o f  pumping 
s t a t io n s .  The g ra d a t io n  o f  c o a l used in  th is  p ip e l in e  is  shown in  T a b le  1 .
D e w a te r in g  o f  th e  c o a l s lu r r y  m ix tu re  was acco m p lish ed  by th ic k e n in g ,  
vacuum f i l t r a t i o n  and f la s h  d r y in g . The g e n e ra l d e w a te r in g  scheme was t h ic k ­
e n in g  to  about 60 p e rc e n t s o l id s  (b y  w e ig h t ) , vacuum f i l t r a t i o n  to  about 20 
p e rc e n t ,  and f la s h  d ry in g  to  th e  e x te n t  r e q u ir e d .  P a r t ic u la t e s  from  th e  d r ie r  
w ere  c o l le c te d  and e i t h e r  sen t to  th e  b o i le r  o r f lo c c u la t e d  and re tu rn e d  to  
th e  vacuum f i l t e r .  The f i l t r a t e  from  th e  vacuum f i l t e r  was f lo c c u la te d  and 
s e t t le d  b e fo re  d is c h a rg e  ( 5 ) .
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TABLE 1
S iz e  G r a d a t io n  O f C o a l T r a n s p o r te d  
I n  The
C o n s o l id a te d  C o a l Com pany P ip e l i n e  
( A f t e r  F r e y ,  J o n a k in  a n d  C a r a c r i s t i ( 8 ) )
BLACK MESA PIPELINE
The B la c k  Mesa p ip e l in e  was c o n s tru c te d  in  th e  l a t e  1 9 6 0 's  fo r  th e  pur­
pose o f  d e l iv e r in g  c o a l to  th e  Mohave Power S t a t io n .  P ip e l in e  c a p a c ity  is  4 .8  
m i l l io n  tons p er y e a r .  P ip e l in e  le n g th  is  273 m ile s  w i th  a d ia m e te r  o f  e ig h t ­
een in ch es  fo r  most o f  i t s  le n g th .
C oal p r e p a r a t io n  c o n s is ts  o f  re d u c in g  th e  p a r t i c l e  s iz e  in  a tw o -s te p  op­
e r a t io n .  I n i t i a l l y ,  th e  crushed  c o a l r e c e iv e d  a t  th e  p re p a ra t io n  p la n t  is  re ­
duced in  s iz e  by cage im p a c to rs . The 3 /8  in c h  by 0 c o a l from  th e  cage im pac­
to rs  is  sen t th ro u g h  ro d  m i l l s  f o r  f u r t h e r  s iz e  r e d u c t io n . W ater is  added in  
th e  ro d  m i l l i n g  s te p . A f t e r  ro d  m i l l i n g ,  s u f f i c i e n t  w a te r  is  added to  th e  
c o a l to  o b ta in  th e  d e s ire d  c o a l-w a te r  m ix tu re  (a b o u t 50 p e rc e n t c o a l by  
w e ig h t ) .  F o llo w in g  s lu r r y  fo rm a t io n , th e  s lu r r y  is  s to re d  u n t i l  in t r o d u c t io n  
in  th e  p ip e l in e .
P o s i t iv e  d is p la c e m e n t pumps a re  used to  i n j e c t  th e  s lu r r y  in t o  th e  p ip e ­
l in e  and to  move th e  s lu r r y  to  th e  r e c e iv in g  s t a t io n .  D is c h a rg e  p re s s u re s  a t
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th e  p re p a ra t io n  p la n t  a re  about 1 ,6 0 0  pounds per square  in c h . F o u r pumping 
s t a t io n s ,  in c lu d in g  th e  s t a t io n  a t  th e  p r e p a r a t io n  p la n t ,  a re  used in  th e  
B la c k  Mesa system . F low  v e lo c i t y  is  w i t h in  th e  fo u r  to  s ix  f e e t  per second  
ran g e  t y p ic a l  o f  c o a l s lu r r y  p ip e l in e s .
D e w a te r in g  o f  th e  s lu r r y  a t  th e  Mohave S ta t io n  is  accom plished  by s e d i­
m e n ta t io n  and c e n t r i f u g a t io n .  C o n v e n tio n a l b a l l  m i l ls  a re  used a t  th is  s ta ­
t io n  to  a c h ie v e  th e  s iz e  c h a r a c t e r is t ic s  needed fo r  f i r i n g  in  th e  b o i le r  ( 6 ) .
COAL-WATER RELATIONSHIPS IN  SLURRIES
Numerous p h y s ic a l ,  ch em ica l a n d /o r  b io lo g ic a l  a c t i v i t i e s  can occur in  
c o a l-w a te r  m ix tu re s . These a c t i v i t i e s  a re  com plex w ith  a co m p le te  i d e n t i f i c a ­
t io n  o f  a l l  a c t i v i t i e s  v e ry  d i f f i c u l t .  C oa l c o n ta in s  a v a r i e t y  o f  con tam i­
n a n ts  and im p u r i t ie s  w h ich  may be t r a n s fe r r e d  to  th e  aqueous phase upon m ix in g  
w it h  w a te r .  S im i l a r l y ,  some o f th e  p aram eters  in  th e  w a te r  used to  form  th e  
s lu r r y  may be m it ig a te d  in  c o n c e n tra t io n  by c o n ta c t w ith  th e  c o a l ,  may con­
t r i b u t e  to  th e  c o n c e n tra t io n s  in  th e  aqueous phase o r may, s e e m in g ly , have no 
e f f e c t  on th e  p a ra m e te r c o n c e n tra t io n s  in  th e  aqueous phase. A d d i t io n a l ly ,  
some p aram ete rs  w hich  a re  i n i t i a l l y  le a c h e d  from  th e  c o a l in  s ig n i f i c a n t  quan­
t i t i e s  a re  re tu rn e d  to  th e  s o l id  phase by a b s o rp t io n , p r e c ip i t a t io n  o r o th e r  
m echanism .
S e v e ra l in v e s t ig a t io n s  have been conducted  to  d e te rm in e  th e  i n t e r r e l a ­
t io n s h ip s  o f  c o a l and w a te r  in  s lu r r ie s  ( 1 , 2 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5 , 1 6 , 1 7 , 1 8 , 1 9 ) .  
M ost o f  th e s e  have in v o lv e d  W estern  c o a ls .  W ith  re s p e c t  to  c o n c e n tra t io n  
o n ly , th e  most s ig n i f i c a n t  w a te r  q u a l i t y  p a ram ete rs  a re  a l k a l i n i t y ,  b io ch em i­
c a l  oxygen demand, c a lc iu m , ch e m ic a l oxygen demand, d is s o lv e d  s o l id s ,  c h lo -
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r id e ,  sodium , p o ta s s iu m , s i l i c a ,  s u l f a t e  and t o t a l  h a rd n e s s . The c o n c e n tra ­
t io n s  o f th e s e  p aram eters  in  th e  l i q u id  phase o f  th e  s lu r r y  a re  dependent on a 
v a r ie t y  o f  fa c to r s  o f  w hich c o a l s o u rc e , w a te r  s o u rc e , d e te n t io n  t im e , ty p e  o f  
en vironm ent (a e r o b ic ,  a n a e ro b ic , s e q u e n t ia l  a e r o b ic -a n a e r o b ic ) ,  s o l id s  concen­
t r a t io n  and r a t e  o f  m ix in g  a re  known to  be im p o rta n t ( 1 , 2 ) .
W ith  re s p e c t  to  th e  p a ram ete rs  o f  p r im a ry  in t e r e s t  from  th e  v ie w p o in t  o f  
com ply ing  w ith  w a te r  q u a l i t y  s ta n d a rd s , i d e n t i f i c a t i o n  o f  th e  p a ram ete rs  is  
n e c e s s a r i ly  s i t e  s p e c i f i c .  The w a te r  q u a l i t y  s ta n d a rd s  o f  th e  r e c e iv in g  w a t­
e rc o u rs e s , p a ra m e te r c o n c e n tra t io n s  in  th e  l iq u id  phase o f  th e  s lu r r y ,  and th e  
d i lu t i o n  a v a i la b le  in  th e  r e c e iv in g  s tream  a re  s i t e  s p e c i f ic  fa c to r s  w h ich  in ­
f lu e n c e  th e  s ig n i f ic a n c e  o f  each p a ra m e te r . H ow ever, c o n c e rn in g  th e  s lu r r ie s  
p re p a re d  w ith  W estern  c o a ls ,  g e n e r a l ly  b io c h e m ic a l oxygen demand and ch em ica l 
oxygen demand, c a lc iu m , c h lo r id e ,  d is s o lv e d  s o l id s ,  s u l f a t e  and c e r t a in  t r a c e  
m e ta ls  must be e v a lu a te d  w i th  re s p e c t  to  com ply ing  w i th  w a te r  q u a l i t y  s ta n d ­
ards ( 2 ) .
A v a r i e t y  o f  r e la t io n s h ip s  have been i d e n t i f i e d  c o n c e rn in g  p a ra m e te r con­
c e n tr a t io n s  in  s lu r r ie s  p re p a re d  w i th  W estern  c o a l ( 1 , 2 , 2 0 , 2 1 ) .  F o r some p a r­
a m e te rs , th e  c o n c e n tra t io n s  d e creas e  w i t h  in c r e a s in g  d e te n t io n  t im e . For o th ­
e r s ,  th e  c o n c e n tra t io n s  in c re a s e  w i th  in c r e a s in g  d e te n t io n  t im e . S t i l l  o th e r  
p aram eters  show r e l a t i v e l y  c o n s ta n t c o n c e n tra t io n s , a f t e r  a s h o rt m ix in g  pe­
r io d ,  w ith  re s p e c t  to  d e te n t io n  t im e . For some p a ra m e te rs , th e  c o n c e n tra t io n s  
in  th e  l iq u id  phase o f  th e  s lu r r y  a re  r e l a t i v e l y  u n a f fe c te d  by th e  q u a l i t y  o f  
th e  w a te r  used to  form  th e  s lu r r y .  F o r o th e r s , th e  c o n c e n tra t io n s  in  th e  
w a te r  used to  form  th e  s lu r r y  a re  e s s e n t ia l l y  a d d i t iv e  w i th  th o se  w h ich  w i l l  
be le a c h e d  from  th e  c o a l .  The r e la t io n s h ip s  a re  c le a r ly  p a ra m e te r s p e c i f i c .
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In  essen ce , d e f i n i t i v e  d a ta  f o r  s p e c i f ic  c o a l and w a te r  sources must be d e v e l­
oped u s in g  th o se  c o a l and w a te r  sources w h ich  w i l l  be used in  a s p e c i f ic  p ip e ­
l i n e  p r o je c t .
CLEANING OF EASTERN COALS
Because o f  th e  la c k  o f d a ta  re g a rd in g  th e  c o a l-w a te r  r e la t io n s h ip s  in  
s lu r r ie s  p re p a re d  w ith  E a s te rn  c o a ls ,  a l i t e r a t u r e  re v ie w  was conducted  to  de­
te rm in e  th e  in fo r m a t io n  a v a i la b le  in  th e  g e n e ra l a re a  o f  w a s te w a te rs  r e s u l t in g  
from  s e v e ra l c o a l m in in g  a c t i v i t i e s .
A bout 80 to  90 p e rc e n t o f  th e  c o a l c le a n e d  in  th e  U n ite d  S ta te s  is  washed 
w ith  w a te r .  Most o f  th is  c o a l is  E a s te rn  c o a l .  A v a r i e t y  o f  p ro cesses  and 
equipm ent a re  used in  f in e - c o a l  c le a n in g  and in  c o a l-w a te r  s e p a r a t io n .  These  
in c lu d e  w et t a b le s ,  j i g  w ash in g , a i r  c le a n in g ,  c l a s s i f i e r s ,  and la u n d e rs  fo r  
c le a n in g ;  f l o t a t i o n  f o r  re c o v e ry  o f  f in e s ,  and; d e w a te r in g  s c re e n s , th ic k e n ­
e r s ,  c y c lo n e s , c e n t r i f u g e s ,  th e rm a l d r y e r s ,  f i l t r a t i o n ,  f lo c c u la t io n  and d es - 
l im in g  f o r  d e w a te r in g  ( 1 3 ,1 4 ) .
S u lfu r
One o f  th e  obvious im p u r i t ie s  o f  concern  in  c o a l is  s u l f u r  b o th  because  
o f  th e  l i m i t s  on s u l f u r  d io x id e  em iss io n s  from  new c o a l - f i r e d  sources under 
th e  New Source P erfo rm an ce  S tan d ard s  and because s u l f a t e  is  one o f  th e  parame­
te r s  o r d in a r i l y  c o n t r o l le d  by s u r fa c e  w a te r  q u a l i t y  s ta n d a rd s . S u lfu r  is  a l ­
ways p re s e n t in  c o a l ,  b u t v a r ie s  in  q u a n t i t y  and in  form  as a fu n c t io n  o f  c o a l  
s o u rc e . The s u l f u r  c o n te n t o f  c o a l is  d iv id e d  in t o  o rg a n ic ,  in o rg a n ic  and 
s u l f a t e  s u l f u r  f r a c t io n s .
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O rg a n ic  S u l f u r . O rg a n ic  s u l f u r  may be d e f in e d  as th e  s u l f u r  o c c u r r in g  in  
co m b in a tio n  w i th  th e  c o a l substance and is  d is t r ib u t e d  th ro u g h o u t th e  c o a l as 
p a r t  o f  th e  m o le c u la r  s t r u c tu r e  ( 1 3 , 1 4 ) .  Because o f  th is  d is t r ib u t io n ,  o r ­
g a n ic  s u l f u r  is  n o t u s u a l ly  removed by c o n v e n tio n a l m e c h a n ic a l c le a n in g  p roc­
e s s e s . O rg a n ic  s u l f u r  u s u a l ly  p red o m in ates  in  low s u l f u r  c o a l ,  b u t o r d in a r i l y  
is  a r e l a t i v e l y  s m a ll f r a c t io n  o f  th e  s u l f u r  p re s e n t in  h ig h - s u l f u r  c o a ls .  
O rg a n ic  s u l f u r  c o n te n ts  o f 0 .0 4  to  5 .4 4  p e rc e n t have been re p o r te d  in  c o a ls  in  
th e  U n ite d  S ta te s  ( 1 3 ,1 4 ) .
In o rg a n ic  S u l f u r . Commonly known as p y r i t i c  s u l f u r ,  in o rg a n ic  s u l f u r  is  
o r d in a r i l y  th e  p red o m in a te  form  o f  s u l f u r  in  E a s te rn  c o a ls  and is  p re s e n t in  
c o a ls  as th e  m in e ra ls  p y r i t e  and m a r c a s ite .  B oth  p y r i t e  and m a rc a s ite  have  
th e  same ch em ica l fo rm u la , FeS2, b u t possess d i f f e r e n t  p h y s ic a l s t r u c tu r e s .  
P y r i t i c  s u l f u r  is  d is t r ib u t e d  in  c o a l in  v a r io u s  ways in c lu d in g  len ses  and 
bonds, jo in t s  o r c le a t s ,  b a l ls  o r n o d u le s , and as f i n e l y  d is s e m in a te d  p a r t i ­
c le s .  The v a r ia t io n  in  d is t r ib u t io n  c o n tr ib u te s  to  th e  v a r y in g  s u l f u r  rem oval 
r a te s  f o r  m e c h a n ic a l c le a n in g  o p e r a t io n s .  The p y r i t i c  c o n te n t o f  c o a l can  
v a ry  w id e ly .  P y r i t i c  s u l f u r  c o n te n ts  ra n g in g  from  0 . 0 1  to  7 . 9  have been r e ­
p o rte d  in  U n ite d  S ta te s  c o a ls  ( 1 3 , 1 4 ) .
C ru s h in g  o f  th e  c o a l may r e le a s e  th e  p y r i t e  in  th e  le n s e s , bonds, c le a ts  
and bands fo r  subsequent rem o val by m e c h a n ic a l c le a n in g .  F in e ly  d is s e m in a te d  
p y r i t e  o r d in a r i l y  cannot be removed u n le s s  th e  c o a l is  c rushed  a n d /o r  ground  
to  a v e ry  s m a ll s iz e  and th e  p y r i t e  s e p a ra te d  from  th e  c o a l substance  by spe­
c i a l  t re a tm e n t ( 1 3 , 1 4 ) .
S u l fa te  S u l f u r . S u l f a t e  s u l f u r  may be d e f in e d  as s u l f u r  combined w ith  
c a lc iu m  and i r o n .  T h is  fo rm  o f  s u l f u r  is  u s u a l ly  le s s  s ig n i f i c a n t  th an  o r -
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g a n ic  and p y r i t i c  s u l f u r  in  f r e s h ly  crushed  c o a l w i th  re s p e c t  to  s u l fu r  
c o n te n t o f  th e  c o a l .  H ow ever, s in c e  p y r i t e  and m a rc a s ite  a re  e a s i ly  o x id iz e d  
to  s u l f a t e  in  th e  p resen ce  o f  m o is tu re , th e  s u l f a t e  c o n te n t o f  aged c o a l may 
be s ig n i f i c a n t .
T o ta l  S u l f u r . T o ta l  s u l fu r  is  th e  sum o f th e  o rg a n ic ,  in o rg a n ic  and s u l­
f a t e  s u l f u r  c o n te n ts  o f  c o a l .  C oals  a re  f r e q u e n t ly  c la s s i f i e d  a c c o rd in g  to  
th e  s u l f u r  c o n te n t . One such c l a s s i f i c a t i o n  system  is  as fo l lo w s :
Low S u l fu r  C o a l -  1 .0  p e rc e n t o r le s s
Medium s u l f u r  c o a l -  1 .0 1  to  3 .0  p e rc e n t
H ig h  s u l f u r  c o a l -  3 .0 1  p e rc e n t o r more
S u lf a t e  L e a c h in g  From C oal
The prob lem  o f a c id  m ine d ra in a g e  has been in v e s t ig a te d  f o r  many y e a rs .  
One o f  th e  phenomena in v o lv e d  is  th e  o x id a t io n  o f  s u l fu r -b e a r in g  c o a l .  Leach­
in g  o f  th e  o x id a t io n  p ro d u c ts  o f  th e  m e t a l l i c  s u l f id e s  in  th e  c o a l y ie ld s  s u l­
f a t e  as w e l l  as th e  m e ta l .  C o n cern in g  th e  in o rg a n ic  ( p y r i t i c )  s u l f u r  in  c o a l ,  
b o th  th e  p y r i t e  and m a rc a s ite  may be o x id iz e d .  The m a rc a s ite  is  u n s ta b le  and 
degrades to  p y r i t e .
The o x id a t io n  o f  th e  p y r i t i c  m a te r ia ls  has been d e s c r ib e d  by th e  fo l lo w ­
in g  e q u a tio n s :
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1) 2FeS2  +  7O2 +  2H2O -> 2Fe++  +  4SO4= +  4H+
2) 4Fe++ +  O2 +  4H+  -> 4Fe+++ +  2H2O
3 ) Fe+3 +  3H2O  - >    F e (OH )3 +  3H+
4 ) FeS2 +  14Fe+3 +  8H2O -> 15Fe+2 +  25O4 - 2 +  16H+
In  e q u a tio n  1 , th e  i r o n  in  th e  m e t a l l i c  s u l f id e  is  o x id iz e d  to  fe r ro u s  
i r o n ,  th e  s u l f u r  is  o x id iz e d  to  s u l f a t e  and hydrogen io n s  a re  re le a s e d . The  
hydrogen io n s  re le a s e d  reduce  th e  pH o f  th e  s o lu t io n .  In  th e  second e q u a t io n ,  
th e  fe r ro u s  ir o n  is  o x id iz e d  to  f e r r i c  i r o n .  In  th e  t h i r d  e q u a t io n , th e  f e r ­
r i c  i r o n  combines w ith  w a te r  to  form  th e  r e l a t i v e l y  in s o lu b le  f e r r i c  h y d ro x id e  
r e le a s in g  a d d i t io n a l  hydrogen io n s , thus f u r t h e r  re d u c in g  th e  pH. The f i r s t  
th re e  e q u a tio n s  a re  f r e q u e n t ly  w r i t t e n  as one e q u a tio n  as fo l lo w s :
5 )  4FeS2 +  15O2 +  14H2O 8H2SO4 +  4 F e (O H )2
The o v e r a l l  e q u a tio n  in d ic a te s  th e  end p ro d u c ts  o f  th e  r e a c t io n s  a re  s u l­
f u r i c  a c id  and f e r r i c  h y d ro x id e . The n e t  r e s u l ts  o f  th e  re a c t io n s  a re  a de­
c re a s e  in  pH ( f r e q u e n t ly  s e v e r e ) ,  in c re a s e  in  th e  s u l f u r  c o n te n t o f  th e  le a c h ­
in g  s o lu t io n  and an in c re a s e  in  th e  i r o n  c o n c e n tra t io n  in  th e  w a te r .  The  
ra te s  o f  r e a c t io n  o f  th e  o x id a t io n  o f  th e  p y r i t e  a re  in c re a s e d  d r a m a t ic a l ly  by 
th e  presence o f  ir o n  b a c t e r ia .  The i r o n  b a c t e r ia  se rve  as c a t a ly s t s .  F e r r o -  
b a c i l lu s  fe r ro x id a n s  become in c r e a s in g ly  more s ig n i f i c a n t  when th e  pH de­
c reases  below  5 and a re  th e  p r im a ry  c o n t r ib u to r s  to  th e  o x id a t io n  o f  fe r ro u s  
m a t e r ia ls .
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Q u a l i t y  C h a r a c te r iz a t io n  D a ta  F o r C o a l W astew aters
From a w a te r  p o l lu t io n  v ie w p o in t ,  most o f  th e  problem s a s s o c ia te d  w ith  
c o a l m in in g  a re  a s s o c ia te d  w i th  d ra in a g e  and w ith  w ash ing  o f  th e  c o a l .  T a b le  
2 shows th e  m in e r a l c o n te n t o f  an I l l i n o i s  b a s in  c o a l p r e p a r a t io n  w aste  
( 2 3 , 2 4 ) .
TABLE 2
M in e r a l  C o n te n t O f An I l l i n o i s  B a s in  
C o a l P r e p a r a t io n  W aste 
( A f t e r  W i l l ia m s ,  e t .  a l .  (2 3 1 ) )
The m a jo r in o rg a n ic  e lem en ts  in  th e  I l l i n o i s  B a s in  c o a l p r e p a r a t io n  w aste  
a re  in c lu d e d  in  T a b le  3 . S i l i c a ,  i r o n  and alum inum  w ere p re s e n t in  th e  la r g ­
e s t  q u a n i t i t i e s  in  th e  w a s te .
The averag e  e f f lu e n t  c o n c e n tra t io n s  in  c o a l p i l e  le a c h a te  f o r  th re e  c o a l 
re g io n s  in  th e  U n ite d  S ta te s  a re  shown in  T a b le  4 .  The th re e  re g io n s  a re  th e  
A p p a la c h ia n , I n t e r i o r  W estern  and th e  W e s te rn . The A p p a la c h ia n  re g io n  in ­
c lu d e s  A labam a, E a s te rn  K e n tu c k y , G e o rg ia , M a ry la n d , O h io , P e n n s y lv a n ia , Ten­
n e s s e e , V i r g i n i a  and West V i r g i n i a .  The I n t e r i o r  W estern  re g io n  in c lu d e s  A r -
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M in e r a l W e ig h t P e rc e n t
I l l i t e
K a o l in i t e
O th e r  C lays
Q u artz
P y r i t e










M a jo r  In o r g a n ic  E le m e n ts  I n  An I l l i n o i s  B a s in  
C o a l P r e p a r a t io n  W astes 
( A f t e r  W i l l ia m s ,  e t .  a l .  ( 2 3 1 ) )
E lem en t W e ig h t P e rc e n t
S i l ic o n
I r o n
Aluminum
P otassium
T ita n iu m
Magnesium
Sodium




1 .1  
0 .3 5  
0 .2 3  
0 .1 6  
0 .0 9
kansas, Iowa, Kansas, Missouri, Nebraska, Oklahoma and Texas. The Western 
region includes Arizona, Colorado, Idaho, New Mexico, Utah, Washington and Wy­
oming. The data reflected in the table were obtained using simulation stud­
ies .
T a b le  5 in c lu d e s  a d d i t io n a l  d a ta  re p o r te d  fo r  fo u r  m ine d ra in a g e  
sources ( 2 5 ) .  The c o n c e n tra t io n s  o f  s e v e ra l p a ra m e te rs  v a ry  c o n s id e ra b ly  
among th e  fo u r  s o u rc e s . F o r exam ple , th e  fo u r  s u l f a t e  c o n c e n tra t io n s  w ere  
5 ,1 5 0 ,  6 4 0 , 1 ,0 8 0  and 385 m il l ig ra m s  p er l i t e r .
Q u a l i t y  c h a r a c t e r iz a t io n  d a ta  f o r  d ra in a g e  w a te r  from  a t a i l i n g s  p i l e  
n e a r E l l i o t  L a k e , O n ta r io  a re  shown in  T a b le  6 .  These d a ta  c le a r ly  re p re s e n t  
a c id  m ine d ra in a g e .
T a b le  7 shows a c id  m ine d ra in a g e  q u a l i t y  c h a r a c t e r is t ic s  from  a m ine n ear  
K e llo g g , Id a h o . V e ry  h ig h  s u l f a t e ,  i r o n ,  z in c ,  m anganese, a lum inum , and mag­
nesium  c o n c e n tra t io n s  a re  in d ic a te d  by th e  t a b le .  The n ic k e l ,  c o p p e r, a lu m i­
num and cadmium c o n c e n tra t io n s  w ere  a ls o  h ig h .
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TABLE 4
A v e ra g e  E f f l u e n t  D ra in a g e  C o n c e n t ra t io n s  
By C o a l R e g io n  
( A f t e r  W a c h te r ( 2 5 ) )
R eg io n
E f f lu e n t  P aram ete rs A p p a la c h ia n I n t e r i o r  W estern W estern
T o t a l  Suspended S o lid s  
T o t a l  D is s o lv e d  S o lid s  
S u l f a t e  
I r o n
Manganese 
F re e  S i l i c a  
C yan ide
B io c h e m ic a l Oxygen Demand 
C hem ica l Oxygen Demand 
N i t r a t e
T o t a l  P hosphate
A rs e n ic






N ic k e l
S e len iu m
S i lv e r
Z in c
pH
C h lo r id e






















< 0 .0 0 8
6 .2 8
0 .3 3





































5 .6  
BDL









7 . 2 4
BDL
3 1 8 .4
*A l l  C o n c e n tra tio n s  (e x c e p t  pH) a re  in  m il l ig r a m s  per l i t e r .  
**B D L -  be lo w  d e te c ta b le  l i m i t
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TABLE 5
E f f l u e n t  D a ta  F o r M in e  D ra in a g e  
From
Four Sources  
( A f t e r  D o y le  ( 2 6 ) )
Source
P aram ete r 1 2 3 4
Volum e, mgd 
pH
A c id i t y ,  m g /l  
T o t a l  I r o n ,  m g /l  
F e rro u s  I r o n ,  m g /l  
Alum inum , m g/l  
C a lc iu m , m g/l  
M agnesium , m g/l  
S u l f a t e ,  m g /l  
T e m p e ra tu re , C 
S p e c i f ic  G r a v ity
0 .0 2 5
3 .0 5
6 ,7 0 0
2 ,0 9 0




5 ,1 5 0
19
1 .1 1

































E f f e c t  O f E nv ironm ent On A c id  M ine D ra in a g e  F o rm a tio n
S e v e ra l e x p e rim e n ts  have been conducted  f o r  th e  purpose o f  e s ta b l is h in g  
th e  r e la t io n s h ip  betw een a c id  m ine d ra in a g e  fo rm a tio n  and th e  ty p e  o f  gaseous 
env iro n m en t to  w h ich  th e  p y r i t i c  m a t e r ia l  is  exposed ( 2 7 ,2 8 ) .  G e n e r a l ly ,  th e  
r e s u lts  in d ic a te d  th a t  th e  r a t e  o f  a c id  p ro d u c tio n  is  p r o p o r t io n a l  to  th e  p a r­
t i a l  p re s s u re  o f  oxygen a v a i la b le .  E n v ironm ents  in v e s t ig a te d  w ere a i r ,  n i t r o ­
gen , m ethane and carbon  d io x id e .  The r e s u l ts  in d ic a te d  th a t  a c id  p ro d u c tio n  
from  p y r i t e  in  a n it r o g e n  en v iro n m en t was le s s  th an  one p e rc e n t o f  th a t  p rod­
uced in  an a i r  en v iro n m en t ( 2 7 , 2 8 ) .  S e v e ra l c o n c lu s io n s  drawn from  th is  s tu d y  
have p o t e n t ia l  a p p l ic a t io n  in  th e  developm ent o f  c o a l s lu r r y  p ip e l in in g  w a te r  
q u a l i t y  d a ta . These c o n c lu s io n s  w ere:
1 . The a c id  d ra in a g e  from  c o a l m ine p y r i t e ,  in  term s o f  i r o n ,  s u l­
f a t e ,  a c i d i t y ,  and c o n d u c t iv i ty ,  is  p r o p o r t io n a l  to  th e  p a r t i a l  
p re s s u re  o f oxygen in  th e  gas phase.
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TABLE 6
M in e  D ra in a g e  C h a r a c t e r is t ic s  
( A f t e r  D o y le  ( 2 6 ) )
P aram ete r C o n c e n tra t io n
PH
S u lf a t e
A c id i t y
F e r r ic  I r o n
F e rro u s  I r o n
U ranium
Z in c
N ic k e l






L ith iu m
Vanadium
S i lv e r
T ita n iu m
Magnesium
C a lc iu m
P otassium
Sodium
A rs e n ic
Phosphorous
C hem ica l Oxygen Demand
2 .0
7 ,4 4 0
1 4 ,6 0 0
1 ,4 5 0
1 ,7 5 0
7 .2
1 1 .4
3 .2  
3 .8
3 .6








1 0 6 .0
416





A l l  d a ta  (e x c e p t  pH) exp ressed  in  
p a r ts  per m i l l i o n .
2 . A c id  p ro d u c tio n  by p y r i t e  under an i n e r t  gas atm osphere is  a f ­
fe c te d  by th e  d is s o lv e d  oxygen c o n te n t o f  th e  fe e d  w a te r .
3 .  The amount o f  w a te r  a v a i la b le  does no t in f lu e n c e  th e  r a t e  o f  ox­
id a t io n  o f th e  p y r i t e .
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TABLE 7
Quality Characterization Data 
For
C oal M ine D ra in a g e  
( A f t e r  D o y le  (2 6 ) )
C o n s t itu e n t C o n c e n tra t io n
pH
S u lfa te
T o t a l  I r o n
Z in c











C h lo r id e
N i t r a t e
C o n d u c t iv ity
2 .2
6 3 , 000  
1 6 ,2 5 0  
1 4 ,5 6 0
4 .8
1 3 .4  
2 ,6 2 5
347
0 .8
2 2 .5  
1 ,5 0 0
3 1 .6  
0 .7  
0 .5  
0 .3
38
7 7 . 5
4 8 , 000
A l l  v a lu e s  expressed  in  m il l ig r a m s  per l i t e r  
e x c e p t pH and c o n d u c t iv i ty .
4 .  I n e r t  gas b la n k e t in g  o f  c o a l m ine p y r i t e s  is  an e f f e c t i v e  m ethod  
o f  re d u c in g  p y r i t e  o x id a t io n  and thus  a c id  p ro d u c t io n .
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C h a p te r 4
EXPERIMENTAL PROCEDURES AND EQUIPMENT 
EXPERIMENTAL APPARATUS
T w e n ty -fo u r  b a tc h  r e a c to r s  w ere used in  two tw e lv e -g a n g  s t i r r i n g  u n i t s .  
The re a c to r s  w ere  d es ig n ed  to  a l lo w  a e r o b ic ,  a n a e ro b ic  o r  s e q u e n t ia l  a e r o b ic -  
a n a e ro b ic  in v e s t ig a t io n s .  N it ro g e n  gas was used to  p ro v id e  th e  a n a e ro b ic  en­
v iro n m e n t.
E ig h t - in c h  d ia m e te r  p o ly v in y l  c h lo r id e  p ip e  was used as th e  c y l in d e r s  fo r  
th e  r e a c t o r s .  T e n - in c h  square  p le x ig la s s  p la te s  w ere used f o r  th e  to p  and 
bottom  o f  each r e a c t o r .  O -r in g s  w ere used to  s e a l th e  to p  p la te s  to  th e  c y l ­
in d e rs  and to  s e a l th e  o pen ing  in  th e  to p  p la t e  th ro u g h  w h ich  th e  m ix in g  s h a f t  
p ro tru d e d . The bottom  p la te s  w ere  a t ta c h e d  to  th e  c y l in d e r s  u s in g  s o lv e n t .
S ta in le s s  s t e e l  m ix in g  s h a f ts ,  d r iv e n  by a common m otor on each tw e lv e -  
gang u n i t ,  w ere used . P u lle y s  and V - b e l t s  w ere used to  d r iv e  th e  in d iv id u a l  
m ix e rs . F ig u re  3 shows a g e n e ra l v ie w  o f each r e a c t o r .
I n l e t  and o u t l e t  p o r ts  w ere i n s t a l l e d  in  each r e a c to r  to  a l lo w  in tro d u c ­
t io n  o f  th e  n it r o g e n  gas f o r  p u rg in g  th e  a i r  from  each r e a c to r  and f o r  m ain­
t a in in g  a b le e d  s tream  th ro u g h o u t th e  m ix in g  p e r io d . The b le e d  s tream  was 
m a in ta in e d  to  p ro v id e  a p o s i t iv e  p re s s u re  in s id e  th e  r e a c to r s  to  in s u re  th e  
a n a e ro b ic  e n v iro n m e n t. W ith  th e  p o s i t iv e  p re s s u re , m inor gaseous le a k s  a t  th e  
O -r in g  s e a l in g  th e  s h a f t  e n tra n c e  w ould n o t a l lo w  in t r o d u c t io n  o f  a i r  in t o  th e  
r e a c to r  e n v iro n m e n t. A d d i t io n a l  d e t a i ls  a re  shown on F ig u r e  4 .
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Scale:1" =  3" TOP VIEW
FRONT VIEW
F ig u re  3 : S chem atic  o f  B a tch  R e a c to rs









F ig u r e  4 :  C r o s s - s e c t io n a l  V iew  o f  B atch  R eac to rs
-  34 -
EXPERIMENTAL PROCEDURES
C oal Sources
The c o a ls  used in  th e  w a te r  q u a l i t y  c h a r a c t e r iz a t io n  s tu d ie s  w ere  ob­
ta in e d  from  Freeman U n ite d  C o a l Company and from  P it t s b u r g  M in in g  Company. 
S p e c i f i c a l l y ,  th e  I l l i n o i s  c o a l was o b ta in e d  from  Freem an U n ite d  C oal Com­
p an y 's  O r ie n t  No. 3 m ine lo c a te d  n e a r W a l t o n v i l le ,  I l l i n o i s .  The Kansas c o a l 
was o b ta in e d  from  P i t t s b u r g  M in in g  Company's m ine lo c a te d  n e a r LaCygne, Kan­
s a s . B oth  a re  h ig h - s u l f u r  b itu m in o u s  c o a l d e p o s its .
The c o a l used in  th e  b io lo g ic a l  t r e a t a b i l i t y  s tu d y  in v o lv in g  W estern  c o a l 
was o b ta in e d  from  the  C o rd ero  M in in g  Company a t  G i l l e t t e ,  Wyoming, and w i l l  be 
i d e n t i f i e d  in  th is  r e p o r t  as Wyoming c o a l .  The E a s te rn  c o a l b io lo g ic a l  t r e a t -  
a b i l i t y  s tu d y  was conducted  u s in g  th e  Kansas c o a l o b ta in e d  from  th e  LaCygne 
m in e .
C oal P re p a ra t io n
The c o a l sam ples w ere i n i t i a l l y  a i r - d r i e d  to  reduce  th e  s u r fa c e  m o is tu re  
c o n te n t . A f t e r  a i r - d r y in g ,  th e  c o a l was reduced  in  s iz e  w i th  a b u rr  g r in d e r  
fo llo w e d  by a d d i t io n a l  s iz e  re d u c t io n  w i t h  a Brown p u lv e r i z e r .  F o llo w in g  s iz e  
r e d u c t io n ,  th e  c o a l was s e p a ra te d  in t o  s e v e ra l s iz e  f r a c t io n s  u s in g  R o-Tap  
s ie v e  s h a k e rs . The s ie v e d  c o a l was th en  recom bined  in  th e  d e s ire d  s iz e  g rad a­
t io n .  The p a r t i c l e  s iz e  g ra d a t io n  used in  th e  a n a ly s e s  is  shown in  T a b le  8 .
W ater Sources
To d e te rm in e  th e  e f f e c t s  o f  th e  s lu r r y  m edia w a te r  q u a l i t y  on th e  c h a ra c ­
t e r i s t i c s  o f  th e  s lu r r y  w a s te w a te r , th re e  w a te r  sources w ere  used . These i n -
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TABLE 8
P a r t i c l e  S iz e  D is t r ib u t io n  O f C oal












2 3 .4  
8 .3
1 7 .0  
6 .0
2 2 .0
c lu d e d  d i s t i l l e d  w a te r ,  s u r fa c e  w a te r  and w a s te w a te r  tre a tm e n t p la n t  e f f l u e n t .  
The s u r fa c e  w a te r  used was ta p  w a te r  from  th e  F a y e t t e v i l l e ,  A rkansas w a te r  
d is t r ib u t io n  system . The ta p  w a te r  was d e r iv e d  from  B eaver L a k e , a la rg e  
Corps o f  E n g in e e rs  impoundment lo c a te d  in  n o r th w e s te rn  A rk a n s a s . T re a tm e n t o f  
th e  w a te r  f o r  p u b lic  consum ption  in c lu d e s  c o a g u la t io n , f lo c c u la t io n ,  sedim en­
t a t i o n ,  and c h lo r in a t io n .  The m in e r a l  w a te r  q u a l i t y  o f  th e  s u r fa c e  impound­
ment is  good.
The w a s te w a te r  used in  th e  w a te r  q u a l i t y  c h a r a c t e r iz a t io n  s tu d ie s  was ob­
ta in e d  from  th e  f i n a l  c l a r i f i e r  o f  th e  F a y e t t e v i l l e ,  A rkansas  w a s te w a te r  
tre a tm e n t p la n t .  The ta p  w a te r  d e r iv e d  from  B eaver Lake is  th e  c a r r ia g e  w a te r  
f o r  th e  F a y e t t e v i l l e  w a s te w a te r .
The s lu r r y  was form ed by com bin ing  eq u a l amounts o f  c o a l and w a te r  (b y  
w e ig h t)  to  y ie ld  a f i f t y  p e rc e n t s o lid s  s lu r r y .  In  a fo rm u la  fo rm a t , th e  s o l­
id s  c o n c e n tra t io n s  can be exp ressed  as fo l lo w s :
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S o lid s  C o n c e n tra t io n  (%) = (W c)/(W c  + W w ))(1 0 0 )
w h ere: Wc = w e ig h t o f  c o a l ,  grams
Ww = w e ig h t o f  w a te r ,  grams
The s lu r r y  sam ples w ere m ixed f o r  p e r io d s  ra n g in g  from  one hour to , f i f ­
te e n  days in  th e  two tw e lv e -g a n g  s t i r r i n g  u n i t s .  The m ix in g  speed used was 
250 r e v o lu t io n s  p e r m in u te . T h is  m ix in g  speed ju s t  m a in ta in s  th e  c o a l in  sus­
p e n s io n . A f t e r  th e  d e s ire d  tim e  had e la p s e d  fo r  a p a r t i c u la r  sam ple , th e  
s lu r r y  was e x t r a c te d  from  th e  s t i r r i n g  u n i t .  The sam ple was th en  s e p a ra te d  
in t o  th e  s o l id  and l iq u id  components by vacuum f i l t r a t i o n .  Whatman No. 14 
f i l t e r  paper was m ounted in  a Buchner fu n n e l f o r  th is  p u rp o se . The vacuum ap­
p l ie d  was a p p ro x im a te ly  24 in c h e s  o f  m e rc u ry . The f i l t r a t e  from  th e  d e w a te r­
in g  s te p  was f i l t e r e d  th ro u g h  a 0 .4 5  m ic ro n  g la s s  f i b e r  f i l t e r .  The l iq u id  
p a s s in g  th ro u g h  th e  g la s s  f i b e r  f i l t e r  is  term ed " s lu r r y  w astewa te r "  in  th is  
r e p o r t .
B io lo g ic a l  T re a tm e n t S tu d ie s
A c c lim a t io n  o f  th e  m icro o rg an ism s was n e c e s s a ry  f o r  s u c c e s s fu l b io lo g ic a l  
tre a tm e n t s tu d ie s .  Two approaches w ere  used fo r  a c c o m p lis h in g  th e  a c c lim a ­
t io n .  One was b a s ic a l ly  th e  p ro c e d u re  used fo r  d e te rm in in g  th e  t r e a t a b i l i t y  
o f  in d u s t r i a l  w a s te w a te rs . T h is  p ro c e d u re  is  d e s c r ib e d  in  A P ro c e d u re  F o r De­
te r m in a t io n  O f The B io lo g ic a l  T r e a t a b i l i t y  Of I n d u s t r i a l  W astes ( 2 9 ) .  A c t i ­
v a te d  s lu d g e  from  th e  a e r a t io n  b a s in  o f  th e  F a y e t t e v i l l e  W ate r P o l lu t io n  Con­
t r o l  P la n t  was used as th e  source o f  th e  m ic ro o rg a n is m s . The a c t iv a te d  s lu d g e  
was p la c e d  in  th e  la b o r a to r y -s c a le  a c t iv a te d  s lu d g e  u n its  and a e r a te d .  Each  
tw e n ty - fo u r  hour c y c le  in v o lv e d  a e r a t io n  o f  th e  u n its  f o r  tw e n ty - th r e e  h o u rs , 
s e t t l i n g  o f  th e  m ixed  l iq u o r  f o r  one h o u r, w ith d ra w a l o f  one l i t e r  o f  s u p e rn a -
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t a n t  and th e  a d d i t io n  o f  one l i t e r  o f  w a s te w a te r . The w a s te w a te r  added was 
i n i t i a l l y  100 p e rc e n t p r im a ry  c l a r i f i e r  e f f l u e n t .  A t each tw e n ty - fo u r  hour 
i n t e r v a l ,  th e  c o n s t itu e n c y  o f  th e  w a s te w a te r  fe d  was m o d if ie d .  T h a t  i s ,  th e  
p r o p o r t io n  o f  p r im a ry  c l a r i f i e r  e f f l u e n t  was d e creas ed  by 10 p e r c e n t .  T hus , 
th e  w a s te w a te r  added c o n s is te d  o f  90 p e rc e n t p r im a ry  c l a r i f i e r  e f f l u e n t  and 10 
p e rc e n t  c o a l s lu r r y  w a s te w a te r  th e  second d ay . T h is  p ro c e d u re  was c o n tin u e d  
u n t i l  100 p e rc e n t  c o a l s lu r r y  w a s te w a te r  was added. T h e r e a f t e r ,  o n ly  s lu r r y  
w a s te w a te r  was added u n t i l  th e  b io lo g ic a l  t r e a t a b i l i t y  s tu d ie s  w ere  i n i t i a t e d .  
A deq u ate  n u t r ie n t s  w ere  added to  th e  a c t iv a t e d  s lu d g e  u n its  to  in s u re  th a t  
g ro w th  was n o t in h ib i t e d  by i n s u f f i c i e n t  n u t r i e n t s .  The pH o f  th e  m ixed  l i ­
quor was checked and a d ju s te d  d a i ly  to  w i t h in  th e  ran g e  o f  6 .5  to  7 . 5 .  P o ta s ­
sium  p h o sp h ate  was used fo r  a d ju s t in g  th e  pH. The m ixed  l iq u o r  suspended s o l­
id s  c o n c e n tra t io n s  w ere  m o n ito re d  to  d e te rm in e  th e  s t a b i l i t y  o f  th e  
a c c l im a t io n .
The second approach  was to  c o l l e c t  s o i l / c o a l  sam ples from  a c o a l m ine and 
to  use th e  m ic ro o rg an ism s  in  th is  m a t e r ia l  as th e  organism s fo r  d e te rm in in g  
b io lo g ic a l  t r e a t a b i l i t y  o f  th e  s lu r r y  w a s te w a te rs . B oth  p ro ced u res  w ere  suc­
c e s s fu l .
Two b a tc h - fe d ,  f i l l  and draw a e r a t io n  u n its  w ere  o p e ra te d  a t  fo o d - to -m i­
c ro o rg a n is m  (F :M ) r a t io s  o f  0 .2  and 0 .6  f o r  th e  t r e a t a b i l i t y  s tu d ie s .  F ig u re  
5 shows a s k e tc h  o f  th e  la b o r a to r y  a c t iv a t e d  s lu d g e  u n its  used in  th e  in v e s t i ­
g a t io n s .  C a lc iu m  c h lo r id e ,  f e r r i c  c h lo r id e ,  magnesium s u l f a t e  and phosphate  
w ere  added in  accordance  w i t h  th e  p ro ced u res  o u t l in e d  in  P a r t  507 o f  S ta n d a rd  
M ethods F o r  The E x a m in a tio n  O f W a te r And W a s te w a te r f o r  d i lu t i o n  w a te r  ( 30 ) .  
A i r  was s u p p lie d  a t  a r a t e  o f  two l i t e r s  p e r m in u te  to  each u n i t  th ro u g h  po­
rous  s to n e  d i f f u s e r s .
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F ig u r e  5 : L a b o ra to ry  A c t iv a te d  S lu d g e  U n its  
( a f t e r  Symons, e t .  a l ,  ( 2 9 ) )
ANALYTICAL PROCEDURES
T e s ts  p e rfo rm ed  on th e  s lu r r y  w a s te w a te rs  f o r  th e  c h a r a c t e r iz a t io n  s tu d ­
ie s  in c lu d e d  a l k a l i n i t y ,  b o ro n , c a lc iu m , s o lu b le  b io c h e m ic a l oxygen demand, 
s o lu b le  ch em ica l oxygen demand, c h lo r id e ,  chrom ium , c o p p e r, d is s o lv e d  s o l id s ,  
f lu o r id e ,  i r o n ,  le a d ,  magnesium , m anganese, n ic k e l ,  n i t r a t e ,  pH, p h o s p h a te , 
p o tass iu m , s i l i c a ,  s p e c i f ic  c o n d u c tan ce , sodium , s u l f a t e ,  t i t a n iu m ,  t o t a l  
hardness and z in c .
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F o r th e  b io lo g ic a l  t r e a t a b i l i t y  s tu d y  th e  fo l lo w in g  p a ra m e te rs  w ere  meas­
u re d : s o lu b le  and t o t a l  f iv e - d a y  b io c h e m ic a l oxygen demand, s o lu b le  and t o t a l
c h e m ic a l oxygen demand, s o lu b le  t o t a l  o rg a n ic  c a rb o n , s o lu b le  in o rg a n ic  c a r ­
bon, v o l a t i l e  suspended s o l id s ,  t o t a l  suspended s o l id s  and pH.
A l k a l i n i t y
T o t a l  a l k a l i n i t y  c o n c e n tra t io n s  w ere  d e te rm in e d  in  accordance  w i th  th e  
p ro ced u res  d e s c r ib e d  in  P a r t  403  o f  S ta n d a rd  M ethods F o r The E x a m in a tio n  Of 
W a te r And W astew ate r ( 3 0 ) .  S in c e  th e  pH v a lu e s  o f  a l l  sam ples w ere  below  8 .3  
no p h e n o lp h th a le in  a l k a l i n i t y  was p re s e n t in  any o f  th e  sam ples .
Aluminum
The alum inum  c o n c e n tra t io n s  w ere  m easured u s in g  a P e rk in -E lm e r  M odel 305B 
a to m ic  a b s o rp t io n  s p e c tro p h o to m e te r u s in g  a C athodeon h o llo w  cath o d e lam p. 
S o lu t io n s  w ith  alum inum  c o n c e n tra t io n s  o f  0 . 5 ,  1 . 0 ,  1 . 5  and 2 . 0  m il l ig r a m s  per 
l i t e r  w ere used to  d e v e lo p  th e  s ta n d a rd  c u rv e s . The p ro ced u res  d e s c r ib e d  in  
A n a ly t ic a l  M ethods F o r A tom ic  A b s o rp tio n  S p e c tro p h o to m e try  w ere  used as th e  
t e s t  m ethod ( 3 1 ) .
B io c h e m ic a l Oxygen Demand
The f iv e - d a y  b io c h e m ic a l oxygen demand c o n c e n tra t io n s  w ere  d e te rm in e d  in  
accordance w ith  th e  p ro ced u res  d e s c r ib e d  in  P a r t  507 o f  S ta n d a rd  M ethods F o r  
The E x a m in a tio n  O f W ate r And W a s te w a te r . A c c lim a te d  seeds w ere  used in  th e  
b io c h e m ic a l oxygen demand d e te r m in a t io n s . The seeds w ere  d eve lo p ed  in  acco rd ­
ance w ith  th e  p ro ced u res  o u t l in e d  by Symons, e t .  a l .  ( 2 9 )  and a re  d e s c r ib e d  as 
f o l lo w s :
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1 . One and o n e -h a lf  l i t e r s  o f  a c t iv a te d  s lu d g e  w ere  c o l le c t e d  from  
th e  a e r a t io n  b a s in  o f  th e  F a y e t t e v i l l e  W ate r P o l lu t io n  C o n tro l  
P la n t ,  and w ere  poured  in t o  th e  la b o r a to r y  a c t iv a t e d  s lu d g e  
u n i t .
2 . The sam ple was a e ra te d  fo r  a p e r io d  o f  23 hours  a t  a r a t e  o f  two 
l i t e r s  o f  a i r  per m in u te  th ro u g h  a porous s to n e  d i f f u s e r .
3 .  A t th e  c o m p le tio n  o f  th e  a e r a t io n  p e r io d ,  th e  sam ple was a llo w e d  
to  s e t t l e  f o r  one h o u r . One l i t e r  was th en  d ecan ted  from  th e  
u n i t  fo llo w e d  by th e  a d d i t io n  o f  one l i t e r  o f  w a s te w a te r .
4 .  The w a s te w a te r  added to  th e  a c t iv a t e d  s lu d g e  u n its  d a i ly  was 
v a r ie d  from  100 p e rc e n t m u n ic ip a l w a s te w a te r  and 0 p e rc e n t  
s lu r r y  w a s te w a te r  on th e  f i r s t  day to  0 p e rc e n t m u n ic ip a l w a s te -  
w a te r  and 100 p e rc e n t s lu r r y  w a s te w a te r  on th e  te n th  day .
5 . A f t e r  th e  te n  day p e r io d  th e  m icro o rg an ism s in  th e  a c t iv a te d  
s lu d g e  u n i t  w ere  a c c lim a te d  and o n ly  s lu r r y  w a s te w a te r  was added  
t h e r e a f t e r .  T h is  se rved  as th e  seed fo r  th e  b io c h e m ic a l oxygen  
demand d e te r m in a t io n .
Boron
Boron m easurem ents w ere  made u s in g  th e  c irc u m in  t u r b id im e t r ic  m ethod as 
d e s c r ib e d  in  P a r t  405A o f  S ta n d a rd  Methods F o r The E x a m in a tio n  O f W a te r And 
W astew ater ( 3 0 ) .  Sample t u r b i d i t y  was m easured u s in g  a Coleman H i t a c h i  101 
s p e c tro p h o to m e te r .
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Cadmium
Cadmium m easu rem en ts  w e re  c o n d u c te d  u s in g  a P e r k in - E lm e r  M ode l 305B a t ­
o m ic  a b s o r p t io n  s p e c t ro p h o to m e te r  i n  a c c o rd a n c e  w i t h  th e  p ro c e d u re s  d e s c r ib e d  
i n  A n a l y t i c a l  M e th o d s  F o r  A to m ic  A b s o r p t io n  S p e c tro p h o to m e tr y  ( 3 1 ) .
C a lc iu m
C a lc iu m  c o n c e n t r a t io n s  w e re  m e a su re d  u s in g  th e  p ro c e d u re s  d e s c r ib e d  in  
P a r t  306C o f  S ta n d a rd  M e thods  F o r  The E x a m in a t io n  O f W a te r  And W a s te w a te r  
( 3 0 ) .  T w e n ty - f iv e  m i l l i l i t e r  sa m p le s  w e re  used  i n  th e s e  m e a s u re m e n ts .
C a rb o n
The in o r g a n ic  c a rb o n  c o n c e n t r a t io n s  w e re  d e te rm in e d  w i t h  a Beckm an M ode l 
915 T o t a l  O rg a n ic  C a rb o n  A n a ly z e r  i n  a c c o rd a n c e  w i t h  th e  p ro c e d u re s  d e s c r ib e d  
i n  S ta n d a rd  M e thods  F o r  The E x a m in a t io n  O f W a te r And W a s te w a te r  ( 3 0 ) .
T o t a l  o r g a n ic  c a rb o n  c o n c e n t r a t io n s  w e re  d e te rm in e d  b y  m e a s u r in g  th e  to ­
t a l  c a rb o n  c o n te n t  and d e d u c t in g  th e  in o r g a n ic  c a rb o n  c o n c e n t r a t io n s .  The t o ­
t a l  c a rb o n  m easu rem en ts  w e re  made u s in g  th e  Beckm an c a rb o n  a n a ly z e r  i n  a c c o rd ­
ance  w i t h  th e  p ro c e d u re s  d e s c r ib e d  i n  S ta n d a rd  M e thods  F o r  The E x a m in a t io n  O f 
W a te r  And W a s te w a te r  ( 3 0 ) .
C h e m ic a l O xygen Demand
C h e m ic a l o xyg e n  demand c o n c e n t r a t io n s  w e re  m easu red  u s in g  th e  p ro c e d u re s  
d e s c r ib e d  in  P a r t  509 o f  S ta n d a rd  M e thods  F o r  The E x a m in a t io n  O f W a te r  And 
W a s te w a te r  ( 3 0 ) .  C h e m ic a l o xyg e n  demand m easu rem en ts  i n  th e  w a te r  q u a l i t y  
c h a r a c t e r i z a t io n  s tu d ie s  w e re  c o n d u c te d  on sam p les  f i l t e r e d  th ro u g h  0 .4 5  m i­
c ro n  g la s s  f i b e r  f i l t e r s  y i e l d i n g  s o lu b le  c h e m ic a l o xyg e n  demand c o n c e n tra ­
t i o n s .  The sam p le  s iz e  u sed  was 20 m i l l i l i t e r s .
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C h lo r id e
The c o n c e n t r a t io n  o f  c h lo r id e  i n  each  sam p le  was m easu red  b y  t i t r a t i o n  i n  
a c c o rd a n c e  w i t h  th e  p ro c e d u re  d e s c r ib e d  i n  P a r t  408B o f  S ta n d a rd  M e thods  F o r  
The E x a m in a t io n  O f W a te r And W a s te w a te r  ( 3 0 ) .
D is s o lv e d  S o l id s
D is s o lv e d  s o l id s  c o n c e n t r a t io n s  w e re  d e te rm in e d  i n  a c c o rd a n c e  w i t h  th e  
m e thod  d e s c r ib e d  i n  P a r t  407B o f  S ta n d a rd  M e thods  F o r  The E x a m in a t io n  O f W a te r 
And W a s te w a te r ( 3 0 ) .
F lu o r id e
F lu o r id e  m easu rem en ts  w e re  made u s in g  th e  SPADNS M e th o d  i n  a c c o rd a n c e  
w i t h  th e  p ro c e d u re s  d e s c r ib e d  i n  P a r t  414C o f  S ta n d a rd  M e thods  F o r  The E xa m i­
n a t io n  O f W a te r And W a s te w a te r ( 3 0 ) .  The sam p le  t u r b i d i t y  was m e asu red  u s in g  
a C olem an H i t a c h i  101 s p e c t ro p h o to m e te r .
I r o n
I r o n  c o n c e n t r a t io n s  w e re  d e te rm in e d  w i t h  a P e rk in -E lm e r  M ode l 305B a to m ic  
a b s o r p t io n  s p e c tro p h o to m e te r  i n  a c c o rd a n c e  w i t h  th e  m e th o d  d e s c r ib e d  i n  Ana­
l y t i c a l  M e thods  F o r  A to m ic  A b s o r p t io n  S p e c tro p h o to m e try  ( 3 1 ) .
Lead
The le a d  d a ta  w e re  d e v e lo p e d  u s in g  a P e rk in -E lm e r  M ode l 305B a to m ic  ab­
s o r p t io n  s p e c tro p h o to m e te r  i n  a c c o rd a n c e  w i t h  th e  p ro c e d u re s  d e s c r ib e d  i n  Ana­
l y t i c a l  M e thods  F o r  A to m ic  A b s o r p t io n  S p e c tro p h o to m e try  ( 3 1 ) .  S o lu t io n s  o f
0 .1 ,  0 . 2 ,  0 .3  and  0 .4  m i l l ig r a m s  p e r  l i t e r  w e re  used  to  d e v e lo p  th e  s ta n d a rd  
c u r v e s .
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M agnesium
The m agnesium  d a ta  w e re  d e v e lo p e d  u s in g  a P e r k in - E lm e r  M ode l 305B a to m ic  
a b s o r p t io n  s p e c t ro p h o to m e te r  w i t h  a C a th o d e o n  h o l lo w  c a th o d e  la m p . The s o lu ­
t io n s  use d  to  d e v e lo p  th e  c u rv e s  c o n ta in e d  0 . 1 ,  0 . 2 ,  0 .4  and 0 .5  m i l l ig r a m s  
p e r  l i t e r .  The m e thod  d e s c r ib e d  i n  A n a l y t i c a l  M e thods  F o r  A to m ic  A b s o r p t io n  
S p e c tro p h o to m e try  was used  ( 3 1 ) .
M anganese
M anganese c o n c e n t r a t io n s  w e re  d e te rm in e d  u s in g  a P e r k in - E lm e r  M ode l 305B 
a to m ic  a b s o r p t io n  s p e c t ro p h o to m e te r  w i t h  th e  p ro c e d u re s  d e s c r ib e d  i n  A n a l y t i ­
c a l  M e thods  F o r  A to m ic  A b s o r p t io n  S p e c tro p h o to m e tr y  ( 3 1 ) .
N ic k e l
N ic k e l  c o n c e n t r a t io n s  w e re  m e a su re d  w i t h  a P e r k in - E lm e r  M ode l 305B a to m ic  
a b s o r p t io n  s p e c t r o p h o to m e te r .  The p ro c e d u re s  d e s c r ib e d  i n  A n a l y t i c a l  M e thods  
F o r  A to m ic  A b s o r p t io n  S p e c tro p h o to m e try  w e re  u sed  ( 3 1 ) .
N i t r a t e
The n i t r a t e  c o n c e n t r a t io n s  w e re  m e asu red  b y  th e  cadm ium  r e d u c t io n  m e th o d . 
H ach N i t r a v e r  V N i t r a t e  R e a g e n t was used  i n  th e  a n a ly s e s .  A C olem an H i t a c h i  
101 s p e c tro p h o to m e te r  was u sed  to  m easu re  th e  l i g h t  t r a n s m it t a n c e .  The p ro c e ­
d u re s  d e s c r ib e d  i n  H ach W a te r And W a s te w a te r  A n a ly s is  P ro c e d u re s  M anua l w e re  
use d  ( 3 2 ) .
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pH
The pH o f  each  sam p le  was m e asu red  w i t h  a Beckm an Z e ro m a t ic  pH m e te r .  
The m e te r  was s ta n d a r d iz e d  a t  pH v a lu e s  o f  4 ,  7 and 10 .
P h o sp h a te
The p h o s p h a te  c o n c e n t r a t io n s  w e re  d e te rm in e d  u s in g  th e  s in g le  r e a g e n t  me­
th o d  f o r  p h o s p h o ro u s  and o r th o p h o s p h a te  as d e s c r ib e d  i n  S ta n d a rd  M e th o d s  F o r  
The E x a m in a t io n  O f W a te r  And W a s te w a te r  ( 3 0 ) .  T u r b i d i t y  m easu rem en ts  w e re  
c o n d u c te d  w i t h  a C o lem an H i t a c h i  101 s p e c t r o p h o to m e te r .
P o ta s s iu m
P o ta s s iu m  c o n c e n t r a t io n s  w e re  d e te rm in e d  w i t h  th e  P e r k in - E lm e r  M o d e l 305B 
a to m ic  a b s o r p t io n  s p e c t ro p h o to m e te r  u s in g  a J a r r e l l  Ash h o l lo w  c a th o d e  la m p . 
The s ta n d a rd  c u rv e s  w ere  d e v e lo p e d  u s in g  s o lu t io n s  c o n ta in in g  0 . 5 ,  0 . 7 5 ,  1 . 0 ,
1 . 5  and 2 . 0  m i l l ig r a m s  p e r  l i t e r .  The p ro c e d u re s  u sed  a re  d e s c r ib e d  i n  Ana­
l y t i c a l  M e th o d s  F o r  A to m ic  A b s o r p t io n  S p e c t ro p h o to m e tr y  ( 3 1 ) .
S i l i c a
S i l i c a  was d e te rm in e d  i n  a c c o rd a n c e  w i t h  th e  p ro c e d u re s  d e s c r ib e d  i n  P a r t  
426C o f  S ta n d a rd  M e th o d s  F o r  The E x a m in a t io n  O f W a te r  And W a s te w a te r  ( 3 0 ) .  
The r e s u l t s  a re  r e p o r te d  i n  m i l l ig r a m s  p e r  l i t e r  as S i0 2 .
Sodium
The so d iu m  c o n c e n t r a t io n s  w e re  m e a su re d  u s in g  th e  P e r k in - E lm e r  M ode l 305B 
a to m ic  a b s o r p t io n  s p e c t r o p h o to m e te r .  A C a th o d e o n  h o l lo w  c a th o d e  lam p was used  
f o r  th e  t e s t .  S ta n d a rd  c u rv e s  w e re  d e v e lo p e d  u s in g  s o lu t io n s  o f  0 . 2 ,  0 . 5 ,  0 . 8
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and 1 .0  m i l l ig r a m s  p e r  l i t e r .  The t e s t s  w e re  c o n d u c te d  i n  a c c o rd a n c e  w i t h  th e  
p ro c e d u re s  d e s c r ib e d  i n  A n a l y t i c a l  M e th o d s  F o r  A to m ic  A b s o r p t io n  S p e c t ro p h o to ­
m e t r y  (3 1 )  .
S uspended S o l id s
The su sp e n d e d  s o l id s  d e te r m in a t io n s  w e re  made i n  a c c o rd a n c e  w i t h  th e  p ro ­
c e d u re s  d e s c r ib e d  i n  P a r t  208C o f  S ta n d a rd  M e th o d s  F o r  The E x a m in a t io n  O f 
W a te r  And W a s te w a te r  ( 3 0 ) .
T i ta n iu m
The t i t a n iu m  c o n c e n t r a t io n s  w e re  m e asu red  u s in g  th e  P e r k in - E lm e r  M ode l 
305B a to m ic  a b s o r p t io n  s p e c t ro p h o to m e te r  w i t h  a C a th o d e o n  h o l lo w  c a th o d e  la m p . 
The s ta n d a rd  c u rv e s  w e re  d e v e lo p e d  u s in g  s o lu t io n s  c o n ta in in g  0 . 5 ,  0 .7 5 ,  1 .0
and 1 .2 5  m i l l ig r a m s  p e r  l i t e r .  The t e s t  p ro c e d u re s  d e s c r ib e d  i n  A n a l y t i c a l  
M e th o d s  F o r  A to m ic  A b s o r p t io n  S p e c t ro p h o to m e tr y  w e re  u sed  ( 3 1 ) .
T o t a l  H a rd n e ss
T o t a l  h a rd n e s s  c o n c e n t r a t io n s  w e re  m e asu red  u s in g  th e  p ro c e d u re s  l i s t e d  
i n  P a r t  309B o f  S ta n d a rd  M e th o d s  F o r  The E x a m in a t io n  O f W a te r  And W a s te w a te r  
( 3 1 ) .  T w e n ty - f iv e  m i l l i l i t e r  sam p les  w e re  u se d  i n  th e  t e s t s .
Z in c
Z in c  c o n c e n t r a t io n s  w e re  m e a su re d  w i t h  th e  P e r k in - E lm e r  M ode l 305B a to m ic  
a b s o r p t io n  s p e c t ro p h o to m e te r  i n  a c c o rd a n c e  w i t h  th e  p ro c e d u re s  o u t l in e d  in  
A n a l y t i c a l  M e th o d s  F o r  A to m ic  A b s o r p t io n  S p e c t ro p h o to m e try  ( 3 1 ) .
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C h a p te r  5
RESULTS AND DISCUSSION
N in e  o b je c t iv e s  w e re  i d e n t i f i e d  i n  th e  r e s e a rc h  p ro g ra m . T hese  w e re : 1 ) 
t o  d e te rm in e  th e  ty p e  and e x te n t  o f  w a te r  q u a l i t y  changes  w h ic h  w i l l  o c c u r  as 
a r e s u l t  o f  s l u r r y  p i p e l i n i n g  o f  h i g h - s u l f u r  E a s te rn  c o a l ;  2 )  t o  d e te rm in e  
th e  t r e a tm e n t  p ro c e d u re s  a p p l ic a b le  f o r  r e s t o r a t i o n  o f  th e  w a s te w a te r  r e s u l t ­
in g  fro m  th e  s l u r r y  p i p e l i n i n g  o f  h i g h - s u l f u r  E a s te rn  c o a l ;  3 )  t o  d e v e lo p  th e  
u l t im a t e  b io c h e m ic a l o xyg e n  demand c u rv e s  f o r  c o a l  sam p les  fro m  s e v e r a l  
s o u rc e s  to  d e te rm in e  t h e i r  s i m i l a r i t i e s  and d i f f e r e n c e s ,  and to  d e te rm in e  i f  
th e  c u rv e s  a re  p r e d ic t a b le ;  4 )  t o  i d e n t i f y  and a sse ss  th e  s ig n i f i c a n c e  o f  th e  
f a c t o r  i n h i b i t i n g  b i o l o g i c a l  t r e a tm e n t  o f  th e  s l u r r y  w a s te w a te r ;  5 )  t o  id e n ­
t i f y  th e  ty p e  and e x te n t  o f  o r g a n ic  m a t e r ia ls  p r e s e n t  i n  th e  s l u r r y  w a s te w a ­
t e r ;  6 )  t o  a sse ss  th e  s ig n i f i c a n c e  o f  th e s e  o r g a n ic  m a t e r ia l s ;  7 )  t o  d e te r ­
m in e  th e  t r e a tm e n t  m easu res  s u i t a b le  f o r  re m o v a l o f  th e  o r g a n ic  m a t e r ia l s ,  i f  
n e c e s s a ry ;  8 )  t o  d e v e lo p  a p ro c e d u re  w h e re b y  th e  c h e m ic a l p a ra m e te r  c o n ce n ­
t r a t i o n s  can  be p r e d ic t e d  f o r  a g iv e n  c o a l and  w a te r  q u a l i t y ,  a n d ; 9 )  t o  i n ­
v e s t ig a t e  th e  f e a s i b i l i t y  o f  u s in g  s a l in e  w a te r  as th e  s l u r r y  m ed ium . The r e ­
s e a rc h  p ro g ra m  was d iv id e d  i n t o  n in e  phases  c o r re s p o n d in g  w i t h  th e  n in e  
o b je c t i v e s .
PHASE I  RESULTS
The o b je c t i v e  o f  t h i s  phase  was t o  d e te rm in e  th e  ty p e  and e x te n t  o f  w a te r  
q u a l i t y  changes w h ic h  w i l l  r e s u l t  f ro m  th e  s l u r r y  p i p e l i n i n g  o f  h i g h - s u l f u r  
E a s te rn  c o a l .  Kansas and I l l i n o i s  c o a ls  w e re  u se d  t o  d e v e lo p  th e s e  d a ta .
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A l k a l i n i t y
A l k a l i n i t y  i n  w a te r  c o n s is ts  o f  some c o m b in a t io n  o f  c a rb o n a te ,  b ic a r b o ­
n a te  and h y d r o x id e  io n s  d e p e n d in g  on pH. A l k a l i n i t y  s e rv e s  as a b u f f e r  w h ic h  
r e s i s t s  changes i n  pH t o  e i t h e r  h ig h e r  o r  lo w e r  v a lu e s ,  as do o th e r  w eak bases 
and w eak a c id s .  The b u f f e r i n g  c a p a c i t y  i n  a s o lu t i o n  i s  a f u n c t io n  o f  th e  
c o n c e n t r a t io n  o f  a l k a l i n i t y  p r e s e n t  and i s  a d i r e c t  f u n c t io n  o f  th e  c o n c e n tra ­
t i o n .  T h a t  i s ,  th e  g r e a te r  th e  a l k a l i n i t y  c o n c e n t r a t io n  th e  la r g e r  i s  th e  
b u f f e r i n g  c a p a c i t y .  When no b u f f e r i n g  c a p a c i t y  i s  p r e s e n t ,  th e  pH ca n  f l u c t u ­
a te  r a d i c a l l y  when o n ly  s m a ll  am ounts  o f  a c id s  o r  bases  a re  a d d e d . Con­
v e r s e ly ,  a w a te r  w i t h  a la r g e  b u f f e r i n g  c a p a c i t y  w i l l  r e f l e c t  o n ly  s m a ll  i n ­
c re a s e s  o r  d e c re a s e s  i n  pH e ve n  when r e l a t i v e l y  la r g e  am ounts o f  bases  o r  
a c id s  a re  a d d e d . L a rg e  c o n c e n t r a t io n s  o f  a l k a l i n i t y  i n  w a te r  a re  o r d i n a r i l y  
o b je c t io n a b le .  H o w e ve r, th e  a l k a l i n i t y  c o n c e n t r a t io n s  m e a su re d  d u r in g  th e  ex­
p e r im e n ta l  w o rk  w e re  a l l  lo w .
The e n d p o in ts  o f  th e  t i t r a t i o n s  f o r  p h e n o lp h th a le in  and t o t a l  a l k a l i n i ­
t i e s  a re  8 .3  and 4 . 3 .  B ecause  th e  pH o f  a l l  sam p les  t i t r a t e d  was b e lo w  8 . 3 ,  
no  p h e n o lp h th a le in  a l k a l i n i t y  was p re s e n t  i n  any o f  th e  s a m p le s . F ig u r e  6 
shows th e  a l k a l i n i t y  c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  Kansas 
c o a l  and  tw o  w a te r  s o u rc e s  -  d i s t i l l e d  w a te r  and s u r fa c e  w a te r .  As shown by 
th e  f i g u r e ,  th e  t o t a l  a l k a l i n i t y  c o n c e n t r a t io n s  i n  th e  s l u r r y  w a s te w a te rs  p re ­
p a re d  w i t h  th e  s u r fa c e  w a te r  g e n e r a l ly  e xce e d e d  th o s e  i n  th e  w a s te w a te r  p re ­
p a re d  w i t h  th e  d i s t i l l e d  w a te r .  A lth o u g h  th e  d a ta  w e re  som ewhat v a r ia b le ,  a 
g e n e ra l t r e n d  o f  d e c re a s in g  a l k a l i n i t y  as a f u n c t io n  o f  d e te n t io n  t im e  was ap­
p a r e n t .  The d e c re a s in g  t r e n d  i s  c o n s is t e n t  w i t h  d a ta  d e v e lo p e d  u s in g  W e s te rn  
c o a ls  ( 1 , 2 ) .  The v a r i a t i o n  i n  th e  d a ta  p ro b a b ly  r e f l e c t s  le a c h in g  o f  a f r a c ­
t i o n  o f  th e  c a lc iu m  c a rb o n a te  p re s e n t  i n  th e  c o a l  w i t h  a s im u lta n e o u s  d e s t r u c ­
t i o n  o f  some o f  th e  a l k a l i n i t y .

























D i s t i l l e d  Water  
Surface Water
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Time,  days
F ig u r e  6 : T o t a l  A l k a l i n i t y  As A F u n c t io n  O f D e te n t io n  T im e  F o r  S lu r r y  
W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  And S u r fa c e  W a te r 
U s in g  K ansas C o a l A t  50 P e rc e n t  S o l id s  I n  An 
A n a e ro b ic  E n v iro n m e n t.
F ig u r e  7 p r o v id e s  a c o m p a r is o n  o f  th e  a l k a l i n i t y  c o n c e n t r a t io n s  i n  s l u r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and w a s te w a te r  t r e a tm e n t  p la n t  e f ­
f l u e n t .  T hese  d a ta  a ls o  in d ic a t e d  a g e n e r a l ly  d e c re a s in g  t r e n d  as a f u n c t io n  
o f  d e te n t io n  t im e .  The a v e ra g e  c o n c e n t r a t io n s  f o r  th e  d i s t i l l e d  w a te r  and f i ­
n a l  e f f l u e n t  ru n s  w e re  19 and 34 m i l l ig r a m s  p e r  l i t e r ,  r e s p e c t i v e l y .  The 
b a c k g ro u n d  c o n c e n t r a t io n  i n  th e  f i n a l  e f f l u e n t  was 20 m i l l ig r a m s  p e r l i t e r  and 
d id  n o t  change d u r in g  th e  e x p e r im e n ta l  r u n .  The a l k a l i n i t y  i n  th e  s l u r r y  
w a s te w a te rs  p re p a re d  w i t h  th e  f i n a l  e f f l u e n t  ra n g e d  fro m  15 to  45 m i l l ig r a m s  
p e r  l i t e r .  K ansas c o a l  was used  t o  fo rm  th e  s l u r r i e s .
F ig u r e  8 shows a c o m p a r is o n  o f  th e  a l k a l i n i t y  c o n c e n t r a t io n s  i n  s l u r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  u s in g  Kansas and w ashed I l l i n o i s  
c o a ls .  The  a v e ra g e  a l k a l i n i t y  c o n c e n t r a t io n s  w e re  18 and 10 m i l l ig r a m s  p e r  
l i t e r ,  r e s p e c t i v e l y ,  f o r  th e  s l u r r i e s  p re p a re d  w i t h  th e  Kansas and I l l i n o i s  
c o a ls .


























D i s t i l l e d  Water  
Final  E f f l uent
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F ig u r e  7 : T o t a l  A l k a l i n i t y  As A F u n c t io n  O f D e te n t io n  T im e  F o r  S lu r r y  
W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  And F in a l  E f f l u e n t  
U s in g  K ansas C o a l A t  50 P e rc e n t  S o l id s  I n  An 
A n a e ro b ic  E n v iro n m e n t.
F ig u r e  9 p ro v id e s  a g r a p h ic a l  c o m p a r is o n  o f  th e  a l k a l i n i t y  c o n c e n t r a t io n s  
i n  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and f i n a l  e f f l u e n t  u s in g  
I l l i n o i s  c o a l .  The b a c k g ro u n d  c o n c e n t r a t io n  i n  th e  f i n a l  e f f l u e n t  was 17 m i l ­
l ig r a m s  p e r  l i t e r  and re m a in e d  c o n s ta n t  th ro u g h o u t  th e  e x p e r im e n ta l  r u n .
A c o m p a r is o n  o f  th e  t o t a l  a l k a l i n i t y  c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  
p re p a re d  w i t h  d i s t i l l e d  w a te r  and t r e a te d  s u r fa c e  w a te r  u s in g  I l l i n o i s  c o a l is  
shown on F ig u r e  1 0 . The a v e ra g e  c o n c e n t r a t io n s  w e re  10 and 8 m i l l ig r a m s  p e r 
l i t e r ,  r e s p e c t i v e l y ,  f o r  th e  s l u r r i e s  p re p a re d  w i t h  th e  d i s t i l l e d  and s u r fa c e  





























I l l i n o i s  Coal
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F ig u r e  8 : T o t a l  A l k a l i n i t y  As A F u n c t io n  O f D e te n t io n  T im e  F o r  S lu r r y  
W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  K ansas 
And I l l i n o i s  C o a ls  A t  50 P e rc e n t  S o l id s  I n  An 


























D i s t i l l e d  Water  
Final  E f f l u e n t
0 2    4   6 8 10 12 14 16
Time, days
F ig u r e  9 : T o t a l  A l k a l i n i t y  As A F u n c t io n  O f D e te n t io n  T im e  F o r  S lu r r y  
W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  And F in a l  E f f l u e n t  
U s in g  I l l i n o i s  C o a l A t  50 P e rc e n t  S o l id s  I n  An 
A n a e ro b ic  E n v iro n m e n t.



























D i s t i l l e d  Water  
Su r f ac e  Water
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F ig u r e  10 : T o t a l  A l k a l i n i t y  As A F u n c t io n  O f D e te n t io n  T im e  F o r  S lu r r y  
W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  And S u r fa c e  W a te r 
U s in g  I l l i n o i s  C o a l A t  50 P e rc e n t  S o l id s  I n  An 
A n a e ro b ic  E n v iro n m e n t.
B io c h e m ic a l O xygen Demand
B io c h e m ic a l o xyg e n  demand can  be d e f in e d  as th e  q u a n t i t y  o f  m o le c u la r  o x ­
yg e n  r e q u i r e d  t o  s t a b i l i z e  th e  b io d e g ra d a b le  f r a c t i o n  o f  a w a s te  by  a e ro b ic  
b io c h e m ic a l a c t io n .  The tw o  b io c h e m ic a l o x yg e n  demand v a lu e s  o r d i n a r i l y  used  
a re  th e  f i v e - d a y  b io c h e m ic a l o x yg e n  demand (BOD5) and  th e  u l t im a t e  b io c h e m ic a l 
o x yg e n  demand (B O D u). The f i v e - d a y  b io c h e m ic a l o x yg e n  demand r e f e r s  t o  th e  
q u a n t i t y  o f  o xyg e n  r e q u i r e d  t o  s t a b i l i z e  a w a s te  i n  a f i v e - d a y  in c u b a t io n  pe­
r i o d  a t  tw e n ty  d e g re e s  C e ls iu s .  The u l t im a t e  b io c h e m ic a l o xyg e n  demand r e f e r s  
t o  th e  maximum q u a n t i t y  o f  o xyg e n  r e q u i r e d  t o  b i o l o g i c a l l y  s t a b i l i z e  a w a s te  
a e r o b ic a l l y  w i t h  an in c u b a t io n  te m p e ra tu re  o f  20 d e g re e s  C e lc iu s .  The u l t i ­
m a te  b io c h e m ic a l o xyg e n  demand i s  u s u a l ly  e x e r te d  in  25 t o  30 days  f o r  " t y p i ­
c a l "  d o m e s t ic  w a s te w a te r  and i s  u s u a l ly  a b o u t 1 .5  t im e s  th e  f i v e - d a y  b io c h e m i­
c a l  o xyg e n  dem and. T h e se  r e la t i o n s h ip s  do n o t  n e c e s s a r i l y  h o ld  t r u e  f o r
-  52 -
i n d u s t r i a l  w a s te w a te rs .  I n d u s t r i a l  w a s te w a te rs  may ra n g e  fro m  n o n -b io d e g ra d a ­
b le  to  r e a d i l y  b io d e g ra d a b le  d e p e n d in g  on th e  ty p e  o f  i n d u s t r i a l  w a s te  i n ­
v o lv e d .
I n  g e n e r a l,  th e  f i v e - d a y  b io c h e m ic a l o xyg e n  demand c o n c e n t r a t io n s  i n  th e  
s l u r r y  w a s te w a te rs  p re p a re d  w i t h  th e  tw o  E a s te rn  c o a ls  w e re  r e l a t i v e l y  lo w , 
b o th  w i t h  r e s p e c t  t o  m u n ic ip a l  w a s te w a te r  and w i t h  s l u r r y  w a s te w a te rs  p re p a re d  
w i t h  W e s te rn  c o a ls .  F ig u r e  11 shows th e  f i v e - d a y  b io c h e m ic a l o xyg e n  demand 
c o n c e n t r a t io n s  as a f u n c t io n  o f  t im e  f o r  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d is ­
t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l .  The b io c h e m ic a l o xyg e n  de­
mand c o n c e n t r a t io n s  i n  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  th e  d i s t i l l e d  
w a te r  te n d e d  to  re m a in  m ore  c o n s ta n t  th a n  th o s e  r e p r e s e n t in g  th e  s u r fa c e  
w a te r .  The l a t t e r  e x h ib i t e d  a d e c re a s in g  t r e n d  as a f u n c t io n  o f  in c r e a s in g  
d e te n t io n  t im e .  The a v e ra g e  c o n c e n t r a t io n s  w e re  58 and 37 m i l l ig r a m s  p e r 
l i t e r ,  r e s p e c t i v e l y ,  f o r  th e  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  s l u r r y  w as tew a­
t e r s .  The s u r fa c e  w a te r  a v e ra g e  is  som ewhat m is le a d in g  b e ca u se  o f  th e  s i g n i f ­
i c a n t  d e c re a s e  i n  c o n c e n t r a t io n  o b s e rv e d  i n  th e  l a t e r  s ta g e s  o f  th e  e x p e r im e n ­
t a l  r u n .  No f i v e - d a y  b io c h e m ic a l o xyg e n  demand was p re s e n t  i n  th e  s u r fa c e  
w a te r  p r i o r  t o  m ix in g  w i t h  c o a l .
C h e m ic a l O xygen Demand
The c h e m ic a l o xyg e n  demand t e s t  a ls o  p ro v id e s  a m easu re  o f  th e  o r g a n ic  
m a te r ia ls  p re s e n t  i n  a s l u r r y  w a s te w a te r .  The t e s t  uses a s t r o n g  o x id a n t  (p o ­
ta s s iu m  d ic h ro m a te )  i n  th e  p re s e n c e  o f  a s t r o n g  a c id  ( s u l f u r i c )  and h e a t  to  
o x id iz e  o r g a n ic  m a t e r ia ls  p re s e n t  i n  a s a m p le . S in c e  th e  c h e m ic a l o xyg e n  de­
mand t e s t  m easures b o th  n o n -b io d e g ra d a b le  and b io d e g ra d a b le  o r g a n ic  m a t e r ia l ,
































D i s t i l led Water  
S u r f a c e  W ater
0 2           4           6 8 10 12 14 16
Time,  days
F ig u r e  11 : F iv e -D a y  B io c h e m ic a l O xygen Demand C o n c e n t ra t io n s  As A F u n c t io n  
O f D e te n t io n  T im e  F o r  S lu r r y  W a s te w a te rs  P re p a re d  W ith  
D i s t i l l e d  W a te r And S u r fa c e  W a te r U s in g  Kansas 
C o a l A t  50 P e rc e n t  S o l id s  I n  An 
A n a e ro b ic  E n v iro n m e n t.
th e  c h e m ic a l o x yg e n  demand i n  a w a s te w a te r  sam p le  i s  la r g e r  th a n  th e  b io c h e m i­
c a l  o xyg e n  dem and, e x c e p t  i n  th o s e  in s ta n c e s  when c e r t a in  s p e c i f i c  c h e m ic a ls  
w h ic h  i n t e r f e r e  w i t h  th e  t e s t  a re  p r e s e n t .
A g r a p h ic a l  c o m p a r is o n  o f  th e  c h e m ic a l o x yg e n  demand c o n c e n t r a t io n s  in  
s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  Kan­
sas c o a l i s  shown on F ig u r e  1 2 . As shown by  th e  f i g u r e ,  th e  c h e m ic a l oxyg e n  
demand c o n c e n t r a t io n s  i n  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  
w e re  g e n e r a l ly  g r e a te r  th a n  th o s e  r e p r e s e n t in g  th e  s u r fa c e  w a te r  s l u r r y  w a s te -  
w a te r s .  The a v e ra g e  c h e m ic a l o x yg e n  demand c o n c e n t r a t io n s  w e re  92 and 55 m i l ­
l ig r a m s  p e r  l i t e r  f o r  th e  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  s l u r r i e s ,  re s p e c ­
t i v e l y .

























S u r f a c e  W ater  
D i s t i l l e d  Water
0 2 4 6 8 10 12 14    16
Time,  days
F ig u r e  12 : C h e m ic a l O xygen Demand C o n c e n t r a t io n s  As A F u n c t io n  O f D e te n t io n  
T im e  F o r  S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r 
And S u r fa c e  W a te r U s in g  K ansas C o a l A t  50 P e rc e n t  
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
A s i m i l a r  c o m p a r is o n  o f  c h e m ic a l o xyg e n  demand c o n c e n t r a t io n s  i n  s l u r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and w a s te w a te r  t r e a tm e n t  p la n t  e f ­
f l u e n t  i s  shown on F ig u r e  1 3 . The a v e ra g e  c o n c e n t r a t io n s  w e re  92 and 101 m i l ­
l ig r a m s  p e r l i t e r ,  r e s p e c t i v e l y ,  f o r  th e  d i s t i l l e d  w a te r  and  f i n a l  e f f l u e n t  
s l u r r i e s .  The a v e ra g e  c o n c e n t r a t io n  i n  th e  f i n a l  e f f l u e n t  d u r in g  th e  ru n  was 
25 m i l l ig r a m s  p e r  l i t e r .  K ansas c o a l  was used  t o  fo rm  th e  s l u r r i e s .
F ig u r e  14 p r o v id e s  a g r a p h ic a l  c o m p a r is o n  o f  th e  c h e m ic a l o x yg e n  demand 
c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and  f i n a l  
e f f l u e n t  u s in g  I l l i n o i s  c o a l .  The a v e ra g e  c o n c e n t r a t io n s  w e re  23 and 104 m i l ­
l ig r a m s  p e r  l i t e r  f o r  d i s t i l l e d  w a te r  and  f i n a l  e f f l u e n t  s l u r r y  w a s te w a te rs ,  
r e s p e c t i v e l y .  The a v e ra g e  f i n a l  e f f l u e n t  c h e m ic a l o x yg e n  demand c o n c e n t ra ­
t io n s  i s  som ewhat m is le a d in g  b e ca u se  o f  th e  h ig h  i n i t i a l  c o n c e n t r a t io n .
























D i s t i l l e d  Water  
F in a l  E f f l uent
0    2        4        6 8 10 12 14 16
Tim e,  days
F ig u r e  1 3 : C h e m ic a l O xygen  Demand C o n c e n t r a t io n s  As A F u n c t io n  O f D e te n t io n  
T im e  F o r  S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r 
And F in a l  E f f l u e n t  U s in g  K ansas  C o a l A t  50 P e rc e n t  
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t .
A s i m i l a r  c o m p a r is o n  o f  c h e m ic a l o x y g e n  demand c o n c e n t r a t io n s  i n  s l u r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and  t r e a t e d  s u r fa c e  w a te r  i s  shown 
on  F ig u r e  1 5 . T he  a v e ra g e  c o n c e n t r a t io n s  w e re  23 and 18 m i l l i g r a m s  p e r  l i t e r  
f o r  th e  d i s t i l l e d  and  s u r fa c e  w a te r  s l u r r i e s ,  r e s p e c t i v e l y .
An i n d i c a t i o n  o f  th e  e f f e c t  o f  c o a l  s o u rc e  on th e  c h e m ic a l o x y g e n  demand 
c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and  th e  tw o  
c o a ls  i s  shown on F ig u r e  1 6 . The a v e ra g e  c o n c e n t r a t io n s  w e re  23 and  87 m i l l i ­
gram s p e r  l i t e r ,  r e s p e c t i v e l y ,  f o r  th e  I l l i n o i s  and  K ansas  c o a l  s l u r r i e s .  A l ­
th o u g h  th e  c o n c e n t r a t io n s  w e re  s i g n i f i c a n t l y  d i f f e r e n t ,  th e y  w e re  r e l a t i v e l y  
lo w  i n  b o th  s e ts  o f  d a ta .
























D i s t i l l e d  Water  
F in a l  E f f l uent
0 2 4 6 8 10 12 14 16
Tim e,  days
F ig u r e  14 : C h e m ic a l O xygen Demand C o n c e n t r a t io n s  As A F u n c t io n  O f D e te n t io n  
T im e  F o r  S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r 
And F in a l  E f f l u e n t  U s in g  I l l i n o i s  C o a l A t  50 P e rc e n t  

























D i s t i l l e d  Water  
S u r fa c e  Water
0 2 4 6 8 10 12 14 16
Time,  days
F ig u r e  15 : C h e m ic a l O xygen Demand C o n c e n t r a t io n s  As A F u n c t io n  O f D e te n t io n  
T im e  F o r  S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r 
And S u r fa c e  W a te r U s in g  I l l i n o i s  C o a l A t  50 P e rc e n t  
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.

























I l l i n o i s  Coal
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Time,  days
F ig u r e  16 : C h e m ic a l O xygen Demand C o n c e n t ra t io n s  As A F u n c t io n  O f D e te n t io n  
T im e F o r  S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r 
U s in g  Kansas And I l l i n o i s  C o a ls  A t  50 P e rc e n t  
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
F iv e -D a y  B io c h e m ic a l Oxygen D em and/C hem ical Oxygen Demand
A c o m p a r is o n  o f  th e  f i v e - d a y  b io c h e m ic a l oxyg e n  demand and c h e m ic a l o x y ­
gen demand c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  
and K ansas c o a l i s  shown on F ig u r e  1 7 . The a v e ra g e  f i v e - d a y  b io c h e m ic a l o x y ­
gen demand to  c h e m ic a l o xyg e n  demand r a t i o  was 0 .6 7  w h ic h  in d ic a t e d  a r e a d i l y  
b io d e g ra d a b le  w a s te w a te r .
F ig u r e  18 shows g r a p h ic a l l y  th e  f i v e - d a y  b io c h e m ic a l o xyg e n  demand and 
c h e m ic a l o xyg e n  demand c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  f i ­
n a l  e f f l u e n t  and Kansas c o a l .  The a v e ra g e  f i v e - d a y  b io c h e m ic a l o xyg e n  demand 
t o  c h e m ic a l o xyg e n  demand c o n c e n t r a t io n  was 0 .4 6  w h ic h  in d ic a t e s  a b io d e g ra d a ­
b le  w a s te w a te r .



















b o d 5
COD
0  2 4 6 8 10 12 14 16
Time,  days
F ig u r e  17 : C o m p a riso n  O f F iv e -D a y  B io c h e m ic a l O xygen Demand And C h e m ic a l 
O xygen Demand C o n c e n t ra t io n s  I n  S lu r r y  W a s te w a te rs  P r e ­
p a re d  W ith  D i s t i l l e d  W a te r And Kansas C o a l A t  50 
P e rc e n t  S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
B o ron
C o n c e n tra t io n s  o f  b o ro n  i n  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  th e  Kan­
sas c o a l w e re  a l l  b e lo w  th e  d e te c t io n  l i m i t s  o f  th e  t e s t  p ro c e d u re  u s e d . No 
b o ro n  m easurem ents  w e re  made on s l u r r y  w a s te w a te rs  p re p a re d  w i t h  th e  I l l i n o i s  
c o a l .
C a lc iu m  And T o t a l  H a rd n e ss
The te rm  h a rd n e s s  u s u a l ly  r e f e r s  to  th e  sum o f  th e  c a lc iu m  and m agnesium  
c o n c e n t r a t io n s  i n  a w a te r  s a m p le , e x p re s s e d  on a common b a s is .  T e c h n ic a l ly ,  
th e  te rm  may r e f e r  to  th e  sum o f  th e  d iv a le n t  m e ta l c a t io n s  o r  i t  may r e f e r  t o  
th e  sum o f  th e  m u l t i v a le n t  m e ta l c a t io n s  i n  a s a m p le . B ecause  c a lc iu m  and 
m agnesium  a re  th e  p re d o m in a te  m e ta l c a t io n s  i n  m ost w a te r s ,  a l l  th r e e  d e f i n i ­
t io n s  y i e l d  a b o u t th e  same v a lu e .  The te rm , as used  i n  t h i s  r e p o r t ,  r e f e r s  t o  
th e  sum o f  th e  c a lc iu m  and m agnesium  b o th  e x p re s s e d  as c a lc iu m  c a rb o n a te .
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Tim e,  days
F ig u r e  18 : C o m p a riso n  O f F iv e -D a y  B io c h e m ic a l O xygen Demand And C h e m ic a l 
O xygen Demand C o n c e n t ra t io n s  I n  S lu r r y  W a s te w a te rs  P re ­
p a re d  W ith  F in a l  E f f l u e n t  And Kansas C o a l A t  50 
P e rc e n t  S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
F ig u r e  19 shows th e  r e la t i o n s h ip s  b e tw e e n  c a lc iu m  and t o t a l  h a rd n e s s  in  
s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and Kansas c o a l .  The a v e ra g e  
c a lc iu m  to  t o t a l  h a rd n e s s  r a t i o  was 0 .7 3  and was r e l a t i v e l y  c o n s is te n t  
th ro u g h o u t  th e  e x p e r im e n ta l  r u n .  The a v e ra g e  r a t i o  ra n g e d  fro m  0 .7 1  to  0 .7 6 .
A s i m i l a r  c o m p a r is o n  o f  c a lc iu m  and t o t a l  h a rd n e s s  c o n c e n t r a t io n s  in  
s l u r r y  w a s te w a te rs  p re p a re d  w i t h  s u r fa c e  w a te r  and Kansas c o a l i s  shown on 
F ig u r e  2 0 . As in d ic a t e d  by  th e  f i g u r e ,  c a lc iu m  was th e  p re d o m in a te  h a rd n e s s  
c o n s t i t u e n t .  The  a v e ra g e  c a lc iu m  and t o t a l  h a rd n e s s  c o n c e n t r a t io n s  w e re  1 ,6 5 0  
and 2 ,1 6 0  m i l l ig r a m s  p e r  l i t e r ,  r e s p e c t i v e l y .  The  a v e ra g e  c a lc iu m  to  t o t a l  
h a rd n e s s  r a t i o  was 0 .7 7 .
A c o m p a r is o n  o f  c a lc iu m  c o n c e n t r a t io n s  i n  s l u r r y  w a s te w a te rs  p re p a re d  
w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  i s  shown on F ig u r e  2 1 . As shown b y  th e
-  60 -








F ig u r e  19 : C a lc iu m  And T o t a l  H a rdness  C o n c e n t ra t io n s  As A F u n c t io n  O f 
D e te n t io n  T im e F o r S lu r r y  W a s te w a te rs  P re p a re d  W ith  
D i s t i l l e d  W a te r And Kansas C o a l A t  50 P e rc e n t  
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
f i g u r e ,  th e  c a lc iu m  h a rd n e s s  i n  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  th e  s u r ­
fa c e  w a te r  e x h ib i t e d  h ig h e r  c o n c e n t r a t io n s  th a n  th o s e  p re p a re d  w i t h  d i s t i l l e d  
w a te r ,  as w o u ld  be e x p e c te d . The a v e ra g e  c a lc iu m  c o n c e n t r a t io n s  w e re  1 ,5 2 0  
and 1 ,6 6 0  m i l l ig r a m s  p e r  l i t e r ,  r e s p e c t i v e l y ,  f o r  th e  s l u r r y  w a s te w a te rs  p re ­
p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r s .
A s im i l a r  c o m p a ris o n  o f  t o t a l  h a rd n e s s  c o n c e n t r a t io n s  i n  s l u r r y  w as tew a ­
t e r s  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  i s  shown on F ig u r e  2 2 . 
The a v e ra g e  c o n c e n t r a t io n s  w e re  2 ,2 0 0  and 2 ,1 6 0  m i l l ig r a m s  p e r  l i t e r  f o r  
s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and  s u r fa c e  w a te r ,  re s p e c ­
t i v e l y .  The v e r y  h ig h  c o n c e n t r a t io n s  o f  h a rd n e s s  b la n k e d  o u t  th e  b a c k g ro u n d  
c o n c e n t r a t io n  i n  th e  s u r fa c e  w a te r .
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F ig u re  20: Calcium  And T o ta l  Hardness C on cen tra tio n s  As A F u nction  Of 
D e te n tio n  Time For S lu r ry  W astewaters P repared W ith  
S urface  W ater And Kansas Coal At 50 P ercen t 
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F ig u r e  2 1 : C a lc iu m  H a rd n e s s  C o n c e n t r a t io n s  As A F u n c t io n  O f
D e t e n t io n  T im e  F o r  S l u r r y  W a s te w a te rs  P re p a re d  
W ith  D i s t i l l e d  W a te r  And F i n a l  E f f l u e n t  U s in g  
K a n s a s  C o a l A t  50 P e r c e n t  S o l id s  I n  An 
A n a e r o b ic  E n v ir o n m e n t .
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Time,  days
F ig u re  22: T o ta l  Hardness C on cen tra tio n s  As A F u n ctio n  Of D e te n tio n  Time 
For S lu r ry  W astewaters P repared W ith  D i s t i l l e d  W ater 
And S urface  W ater U sing Kansas Coal At 50 
P ercen t S o lid s  In  An A naerobic  
E nvironm ent.
F ig u re  23 shows a g ra p h ic a l comparison o f the calc ium  c o n c e n tra tio n s  in  
s lu r r y  w astew aters prepared w ith  d i s t i l l e d  w ater and s u rfa ce  w ater us ing  Kan­
sas c o a l. The average calc ium  co n ce n tra tio n s  were 1 ,5 2 0  and 1 ,5 9 0  m illig ra m s  
per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters prepared w ith  d i s t i l l e d  w ater 
and w astew ater tre a tm en t p la n t e f f lu e n t .
A s im ila r  comparison o f t o t a l  hardness co n ce n tra tio n s  is  shown on F ig u re  
24. The average co n ce n tra tio n s  were 2 ,2 0 0  and 2 ,2 3 0  m illig ra m s  per l i t e r  fo r  
the s lu r r y  w astew aters prepared w ith  d i s t i l l e d  w ater and f in a l  e f f lu e n t ,  re ­
s p e c t iv e ly . The background t o t a l  hardness c o n c e n tra tio n  in  the f i n a l  e f f lu e n t  
was 120 m illig ra m s  per l i t e r .  The average calc ium  to  t o t a l  hardness r a t io  was 
0 .71  fo r  the f i n a l  e f f lu e n t  e xp erim en ta l ru n .
-  63 -
D i s t i l l e d  Water  



































F ig u re  23: Calcium  Hardness C o n cen tra tio n s  As A F u n ctio n  Of D e te n tio n  Time
For S lu r ry  W astewaters P repared W ith  D i s t i l l e d  W ater 
And F in a l  E f f lu e n t  U sing Kansas Coal At 50 
P ercen t S o lid s  In  An A naerobic  
Environm ent.
F ig u re  25 p o rtra y s  g ra p h ic a lly  the calc ium  and t o t a l  hardness concentra­
tio n s  in  s lu r r y  w astew aters prepared w ith  I l l i n o i s  c o a l. The average concen­
t r a t io n s  were 1 ,980  and 2 ,1 4 0  m illig ra m s  per l i t e r  fo r  s lu r r y  w astew aters pre­
pared w ith  d i s t i l l e d  w ater and the  I l l i n o i s  c o a l. The average calc ium  to  to­
t a l  hardness r a t io  was 0 .9 4 .  As in d ic a te d  by the f ig u r e ,  the  hardness c le a r ly  
tended to  in c re a se  w ith  in c re a s in g  d e te n tio n  tim e .
A s im i la r  comparison o f calc ium  and t o t a l  hardness co n ce n tra tio n s  is  
shown on F ig u re  26 . These d ata  re p re s e n t s lu r r y  w astew aters prepared w ith  
t re a te d  s u rfa ce  w ater and I l l i n o i s  c o a l. The average co n ce n tra tio n s  were  
2 ,070  and 2 ,1 7 0  m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  the calc ium  and t o t a l  
hardness. As shown by the f ig u r e ,  the  predom inate hardness c o n s titu e n t was 
calc ium  w ith  o n ly  r e la t iv e ly  sm all q u a n t it ie s  o f magnesium p re s e n t. The aver­
age calc ium  to  t o t a l  hardness r a t io  o f 0 .9 5  a ls o  r e f le c t s  the  h igh  percentage
-  64 -
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F ig u re  24: T o ta l Hardness C o n cen tra tio n s  As A F u n ctio n  Of D e te n tio n  Time 
For S lu r ry  W astewaters Prepared W ith  D i s t i l l e d  W ater 
And F in a l  E f f lu e n t  Using Kansas Coal A t 50 
P ercen t S o lid s  In  An A naerobic  
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F ig u re  25: Calcium  And T o ta l  Hardness C o n cen tra tio n s  As A F u n ctio n  Of 
D e te n tio n  Time For S lu r ry  W astewaters P repared  W ith
D i s t i l l e d  W a te r  U s in g  I l l i n o i s  C o a l A t  50 
P e r c e n t  S o l id s  I n  An A n a e r o b ic  
E n v i r o n m e n t .
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o f c a lc iu m . These d a ta  a ls o  in d ic a te d  a tendency fo r  in c re a s in g  
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F ig u re  26: Calcium  And T o ta l  Hardness C o n cen tra tio n s  As A F u n c tio n  Of 
D e te n tio n  Time For S lu r ry  W astewaters P repared  W ith  
S u rface  W ater And I l l i n o i s  Coal A t 50 P ercen t 
S o lid s  In  An A naerob ic  E nvironm ent.
F ig u re  27 shows the ca lc iu m  and t o t a l  hardness c o n c e n tra tio n s  in  s lu r r y  
w astew aters  prepared w ith  f i n a l  e f f lu e n t  and I l l i n o i s  c o a l. The average c a l­
cium and t o t a l  hardness c o n c e n tra tio n s  were 2 ,3 7 0  and 2 ,5 1 0  m illig ra m s  per 
l i t e r ,  r e s p e c t iv e ly .
The e f f e c t  o f c o a l source on the ca lc ium  hardness c o n c e n tra tio n s  in  
s lu r r y  w astew aters  prepared w ith  d i s t i l l e d  w ater is  shown on F ig u re  28 . As 
shown by the f ig u r e ,  the ca lc ium  c o n c e n tra tio n s  in  the s lu r r y  w astew ater pre­
pared w ith  the Kansas c o a l were s ig n i f ic a n t ly  low er than in  s lu r r y  w astew aters  
prepared  w ith  I l l i n o i s  c o a l. The average c o n c e n tra tio n s  were 1 ,5 2 0  and 1 ,980
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F ig u re  27: C alcium  And T o ta l  Hardness C o n c e n tra tio n s  As A F u n c tio n  Of 
D e te n tio n  Time For S lu r ry  W astew aters P rep ared  W ith  
F in a l  E f f lu e n t  And I l l i n o i s  Coal A t 50 P erc e n t  
S o lid s  In  An A naerob ic  E nvironm ent.
m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  the  Kansas and I l l i n o i s  c o a l wastewa­
t e r s .
A s im i la r  com parison o f t o t a l  hardness c o n c e n tra tio n s  is  shown on F ig u re  
29. The average t o t a l  hardness c o n c e n tra tio n s  were 2 ,2 0 0  and 2 ,1 4 0  m illig ra m s  
per l i t e r  fo r  the  Kansas and I l l i n o i s  c o a ls , r e s p e c t iv e ly .  These curves show 
the  d i f f e r e n t  ten d en c ies  as a fu n c tio n  o f  d e te n tio n  tim e p re v io u s ly  n o te d .
The ca lc ium  to  t o t a l  hardness c o n c e n tra tio n s  were s u b s t a n t ia l ly  d i f f e r e n t  
fo r  s lu r r y  w astew aters  p rep ared  w ith  the  two c o a ls . F ig u re  30 shows these  
r a t io s .  The average r a t io s  were 0 .7 3  and 0 .9 4 ,  r e s p e c t iv e ly ,  fo r  the  Kansas 
and I l l i n o i s  c o a ls .
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F ig u re  28: C alcium  Hardness C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  Time
For S lu r r y  W astew aters P rep ared  W ith  D i s t i l l e d  W ater 
U sing  Kansas And I l l i n o i s  Coals A t 50 P erc e n t  
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F ig u re  29: T o ta l  Hardness C o n c e n tra tio n s  As A F u n c tio n  O f D e te n tio n  Time 
F o r S lu r ry  W astew aters P repared  W ith  D i s t i l l e d  W ater 
U sing  Kansas And I l l i n o i s  Coals A t 50 P erc e n t  
S o lid s  In  An A naerob ic  E n viro n m en t.
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F ig u re  30: C alcium  To T o ta l  Hardness R a tio s  As A F u n c tio n  O f Time For 
S lu r ry  W astew aters P rep ared  W ith  D i s t i l l e d  W ater 
U sing  I l l i n o i s  And Kansas Coals A t 50 
P erc e n t S o lid s  In  An A naerob ic  
E n v iro n m en t.
C h lo r id e
The c h lo r id e  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  w ith  th e  two 
co a ls  were s u b s ta n t ia l ly  d i f f e r e n t .  The average c o n c e n tra tio n s  were 90 and 
1 ,5 0 0  m illig ra m s  per l i t e r  fo r  s lu r r y  w astew aters  p rep ared  w ith  the  I l l i n o i s  
and Kansas c o a ls , r e s p e c t iv e ly .  F ig u re  31 shows th e  d a ta  fo r  the  two e x p e r i­
m en ta l runs conducted w ith  d i s t i l l e d  w a te r used as the  s lu r r y  m edia .
D is so lv e d  S o lid s
D is s o lv e d  s o lid s  re p re s e n ts  th e  re s id u e  re m a in in g  fo l lo w in g  passage o f a 
sample through a 0 .4 5  m icron  g lass  f ib e r  f i l t e r  and subsequent e v a p o ra tio n  to  
dryness . S u rface  w a te r q u a l i t y  standards c o n ta in  l im i t s  on the amount o f  d is ­
so lved  s o lid s  which may be d isch arg ed  to  s u rfa c e  w a te rc o u rs e s . F o r th is  re a ­
son, th is  param eter is  p a r t ic u la r ly  im p o rta n t w ith  re s p e c t to  the  w a te r q u a l­
i t y  aspects o f c o a l s lu r r y  p ip e l in in g .
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F ig u re  31: C h lo r id e  C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  Time For 
S lu r ry  W astew ater P rep ared  W ith  D i s t i l l e d  W ater U sing  
Kansas And I l l i n o i s  Coals A t 50 P erc e n t S o lid s  
In  An A naerob ic  E nvironm ent.
The d is s o lv e d  s o lid s  c o n c e n tra t io n s  in  the s lu r r y  w astew aters  p repared  
w ith  the  two c o a ls  were s ig n i f ic a n t ly  d i f f e r e n t  fo r  th e  two c o a ls . F ig u re  32 
shows th e  d is s o lv e d  s o lid s  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p repared  w ith  
d i s t i l l e d  w a te r and f i n a l  e f f lu e n t  u s in g  the  Kansas c o a l.  As shown by the  
f ig u r e ,  th e  g e n e ra l tendency was fo r  in c re a s in g  d is s o lv e d  s o lid s  con cen tra ­
t io n s  as a fu n c t io n  o f d e te n tio n  tim e . L i t t l e  d if fe r e n c e  in  the  d is s o lv e d  
s o lid s  c o n c e n tra tio n s  o f  the  s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w ater  
and f i n a l  e f f lu e n t  was observed . The average c o n c e n tra tio n s  were 3 ,6 1 0  and 
3 ,5 4 0  m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  the  s lu r r y  w astew aters  p repared  
w ith  th e  d i s t i l l e d  w a te r and w astew ater tre a tm e n t p la n t  e f f lu e n t .  The average  
t o t a l  d is s o lv e d  s o lid s  c o n c e n tra tio n  in  the w astew ater tre a tm e n t p la n t  e f ­
f lu e n t  was 450 m illig ra m s  per l i t e r .
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F ig u re  32: D is s o lv e d  S o lid s  C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  Time 
For S lu r ry  W astew aters P rep ared  W ith  D i s t i l l e d  W ater And 
F in a l  E f f lu e n t  U sing  Kansas C oal A t 50 P erc e n t 
S o lid s  In  An A naerob ic  E n viro n m en t.
S im ila r  r e s u lts  were observed fo r  the e x p e rim e n ta l runs conducted w ith  
d i s t i l l e d  w a te r and s u rfa c e  w a te r w ith  the  Kansas c o a l.  The average d is s o lv e d  
s o lid s  c o n c e n tra tio n s  were 3 ,6 1 0  and 3 ,4 2 0  m illig ra m s  p er l i t e r  fo r  the  d is ­
t i l l e d  w a te r and s u rfa c e  w a te r s lu r r y  w a s te w a te rs , r e s p e c t iv e ly .  F ig u re  33 
shows the com parison o f these d a ta .
D is s o lv e d  s o lid s  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  w ith  su r­
fa c e  w a te r and the  two co a ls  a re  shown on F ig u re  3 4 . As shown by th e  f ig u r e ,  
the d is s o lv e d  s o lid s  in  th e  s lu r r y  w astew aters  p rep ared  w ith  th e  I l l i n o i s  c o a l 
were s u b s ta n t ia l ly  g re a te r  than w ith  the  Kansas c o a l.  The average co n cen tra ­
tio n s  were 3 ,4 2 0  and 5 ,6 0 0  m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  th e  Kansas 
and I l l i n o i s  c o a ls .
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F ig u r e  3 3 : D is s o lv e d  S o l id s  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  Tim e 
F o r S lu r r y  W a s tew a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W a te r U s in g  Kansas C oa l A t 50 P e rc e n t 
S o l id s  In  An A n a e ro b ic  E n v iro n m e n t.
F lu o r id e .
F ig u r e  35 shows th e  f lu o r id e  c o n c e n tr a t io n s  i n  s lu r r y  w a s te w a te rs  p re ­
p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l .  The ave rage  
c o n c e n tr a t io n s  w ere  1 .5 4  and 1 .7 6  m i l l ig r a m s  p e r l i t e r  f o r  th e  s lu r r y  wastew a­
te r s  p re p a re d  w i t h  th e  d i s t i l l e d  w a te r  and s u r fa c e  w a te r ,  r e s p e c t iv e ly .  The 
b a ckg ro u n d  c o n c e n tr a t io n  i n  th e  s u r fa c e  w a te r  was 0 .6 0  m i l l ig r a m s  p e r l i t e r .  
T h u s , th e  c o n c e n tr a t io n s  w ere  n o t a d d i t iv e .
F ig u re  36 p o r t r a y s  g r a p h ic a l ly  th e  co m p a riso n  o f  f l u o r id e  c o n c e n tra t io n s  
i n  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  
Kansas c o a l .  The a ve rag e  c o n c e n tr a t io n s  w ere  1 .5 4  and 1 .9 4  m i l l ig r a m s  p e r 
l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
w a s te w a te r  t re a tm e n t  p la n t  e f f l u e n t .  The b ackg ro u nd  c o n c e n tr a t io n  was 1 .27  
m i l l ig r a m s  p e r l i t e r  in  th e  f i n a l  e f f l u e n t .  The f lu o r id e  c o n c e n tra t io n s  in
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F ig u re  34 : D is s o lv e d  S o l id s  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e 
F o r S lu r r y  W a s te w a te rs  P re p a re d  W ith  S u r fa c e  W a te r U s in g  
Kansas And I l l i n o i s  C o a ls  A t 50 P e rc e n t S o l id s  
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F ig u re  3 5 : F lu o r id e  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W a te r U s in g  Kansas C o a l A t 50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
-  73 -
th e  d i s t i l l e d  w a te r  d a ta  were n o t a d d i t iv e  w i t h  th e  b ackg ro u nd  c o n c e n tra t io n s  
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F ig u re  36 : F lu o r id e  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
F in a l  E f f l u e n t  U s in g  Kansas C o a l A t 50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
A co m p a riso n  o f  f l u o r id e  c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  
w i t h  I l l i n o i s  c o a l is  shown on F ig u re  3 7 . The a ve rag e  c o n c e n tr a t io n s  w ere  
1 .6 0  m i l l ig r a m s  p e r l i t e r  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  b o th  th e  d is ­
t i l l e d  w a te r  and s u r fa c e  w a te r .
F ig u re  38 p ro v id e s  a co m p a riso n  o f  th e  f l u o r id e  c o n c e n tr a t io n s  in  s lu r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  u s in g  th e  tw o c o a ls .  T h e re  was v e ry  
l i t t l e  d i f fe r e n c e  in  _the d a ta  w i t h  re s p e c t  to  c o a l s o u rc e . The a ve rag e  con­
c e n t r a t io n s  w ere  1 .5 4  and 1 .6 0  m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  
w a s te w a te rs  p re p a re d  w i t h  th e  Kansas and I l l i n o i s  c o a ls .
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F ig u re  3 7 : F lu o r id e  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W a te r U s in g  I l l i n o i s  C oa l A t 50 P e rc e n t 
S o l id s  In  An A n a e ro b ic  E n v iro n m e n t.
I r o n
The i r o n  c o n c e n tr a t io n s  in  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  b o th  
c o a ls  w ere v e ry  lo w . C o n s e q u e n tly , th e  i r o n  c o n c e n tr a t io n s  w e re  n o t m easured 
r o u t i n e ly  in  th e  s tu d y .  H ow ever, a f t e r  th e  c o a l was exposed to  a m b ie n t a tm os­
p h e r ic  c o n d it io n s  f o r  an e x te n d e d  le n g th  o f  t im e ,  th e  i r o n  c o n c e n tr a t io n s  in  
s lu r r y  w a s te w a te rs  w ere  v e ry  h ig h .  T h u s , a g in g  o f  th e  c o a l w i t h  re s p e c t  to  
e xp o su re  to  a tm o s p h e r ic  c o n d i t io n s  may r e s u l t  i n  s ig n i f i c a n t  i r o n  c o n c e n tra ­
t io n s  i n  th e  l i q u i d  phase o f  th e  c o a l-w a te r  m ix tu r e .
Lead
Lead was m e a su ra b le  i n  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  b o th  c o a ls .  F ig ­
u re  39 shows th e  le a d  c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d is ­
t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l .  A g e n e ra l te n d e n c y  f o r  d e -


















I l l i n o i s  Coal
0 2 4 6 8 10 12 14 16
Time, days
F ig u re  38 : F lu o r id e  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s tew a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  
Kansas And I l l i n o i s  C oa ls  A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
c re a s in g  le a d  c o n c e n tr a t io n s  as a f u n c t io n  o f  d e te n t io n  t im e  was o b s e rv e d . 
The a ve rag e  c o n c e n tr a t io n s  w ere  0 .1 0  and 0 .1 2  m i l l ig r a m s  p e r l i t e r  f o r  th e  
d i s t i l l e d  w a te r  and s u r fa c e  w a te r  s lu r r y  w a s te w a te rs , r e s p e c t iv e ly .
The c o n c e n tr a t io n s  o f  le a d  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  I l l i ­
n o is  c o a l w ere  be low  th e  d e te c ta b le  l i m i t s  o f  th e  t e s t  p ro c e d u re  u sed .
Manganese
Manganese c o n c e n tra to n s  in  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  
w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l w ere  v a r ia b le  a lth o u g h  a g e n e ra l de­
c re a s in g  t re n d  was o b s e rve d  as a fu n c t io n  o f  d e te n t io n  t im e .  The a ve rag e  con­
c e n t r a t io n s  w ere  3 .5  and 3 .4  m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r .  No s ig n i f ic a n c e  
s h o u ld  be a t ta c h e d  to  th e  d i f fe r e n c e  in  th e  a ve rag e  c o n c e n tr a t io n s  as th e  0 .1
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F ig u re  39 : Lead C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r S lu r r y  
W a s tew a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And S u r fa c e  
W a te r U s in g  Kansas C o a l A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
m i l l ig r a m s  p e r l i t e r  d i f fe r e n c e  is  w i t h in  th e  e x p e r im e n ta l e r r o r .  F ig u r e  40 
shows th e  d a ta  o b ta in e d  d u r in g  th e s e  two e x p e r im e n ta l ru n s .
The manganese c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  f i n a l  
e f f l u e n t  fro m  th e  w a s te w a te r t re a tm e n t  p la n t  w ere a ls o  v a r ia b le  and in d ic a te d  
a g e n e r a l ly  d e c re a s in g  t r e n d  as a f u n c t io n  o f  d e te n t io n  t im e .  F ig u r e  41 
g r a p h ic a l ly  p o r t r a y s  th e s e  d a ta .  The ave rage  c o n c e n tr a t io n s  w ere  3 .5  and 4 .3  
m i l l ig r a m s  p e r l i t e r  f o r  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  
and f i n a l  e f f l u e n t ,  r e s p e c t iv e ly .
Manganese c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  I l l i n o i s  
c o a l w ere  lo w e r th a n  in  w a s te w a te rs  p re p a re d  w i t h  th e  Kansas c o a l .  F ig u re  42 
shows th e  d a ta  f o r  th e  w a s te w a te rs  p re p a re d  w i t h  s u r fa c e  w a te r  and f i n a l  e f -
















D i s t i l l e d  Water  
Surface  Water
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Time, days
F ig u re  4 0 : Manganese C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W a te r U s in g  Kansas C o a l A t 50 P e rc e n t 
















D i s t i l l e d  Water  
Fina l  E f f l u e n t
0 2 4 6 8 10 12 14 16
Time, days
F ig u re  4 1 : Manganese C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s tew a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
F in a l  E f f l u e n t  U s in g  Kansas C oa l A t  50 P e rc e n t 
S o l id s  In  An A n a e ro b ic  E n v iro n m e n t.
-  78 -
f l u e n t .  The ave rage  c o n c e n tr a t io n s  w ere  1 .1  and 0 .7  m i l l ig r a m s  p e r l i t e r  f o r  
th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  s u r fa c e  w a te r  and f i n a l  e f f l u e n t ,  re ­
















Surface  Water  
Fina l  E f f l u e n t
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Time, days
F ig u re  4 2 : Manganese C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
F in a l  E f f l u e n t  U s in g  I l l i n o i s  C oa l A t  50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
N ic k e l
N ic k e l  c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  Kansas c o a l 
and d i s t i l l e d  and s u r fa c e  w a te rs  w ere  c le a r l y  a f u n c t io n  o f  d e te n t io n  t im e .  
The c o n c e n tr a t io n s  d e c re a se d  w i t h  in c r e a s in g  d e te n t io n  t im e .  The a ve rag e  con­
c e n t r a t io n s  w ere  0 .7  m i l l ig r a m s  p e r l i t e r  f o r  b o th  ru n s  r e f l e c t i n g  re m o v a l o f  
much o f  th e  n ic k e l  fro m  th e  aqueous phase . The d a ta  a re  d is p la y e d  g r a p h ic a l ly  
on F ig u re  4 3 .
The c le a r  te n d e n c y  f o r  re d u c e d  n ic k e l  c o n c e n tr a t io n s  w i t h  in c r e a s in g  de­
t e n t io n  t im e  a ls o  was o b s e rv e d  in  th e  e x p e r im e n ta l ru n  c o n d u c te d  w i t h  w as tew a-















D i s t i l l e d  Water  
Sur face  Water
0 2 4 6 8 10 12 14 16
Time,  days
F ig u re  4 3 : N ic k e l C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W a te r U s in g  Kansas C oa l A t 50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
t e r  t re a tm e n t  p la n t  e f f l u e n t .  A co m p a riso n  o f  d a ta  m easured on s lu r r y  
w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and f i n a l  e f f l u e n t  is  shown on F ig ­
u re  4 4 . The ave rage  c o n c e n tr a t io n s  w ere  0 .7  and 0 .8  m i l l ig r a m s  p e r l i t e r ,  re ­
s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and f i n a l  e f ­
f l u e n t  u s in g  Kansas c o a l .  The b a ckg ro u n d  c o n c e n tr a t io n  i n  th e  w a s te w a te r 
t re a tm e n t  p la n t  e f f l u e n t  was b e lo w  th e  d e te c ta b le  l i m i t s  o f  th e  t e s t  p ro c e d u re  
u sed .
S im i la r  r e s u l t s  w ere  o b ta in e d  in  th e  e x p e r im e n ta l r uns c o n d u c te d  w i th  
d i s t i l l e d  w a te r  and I l l i n o i s  c o a l .  F ig u re  45 shows a co m p a riso n  o f  th e  n ic k e l  
c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and I l l i ­
n o is  and Kansas c o a ls .  The a ve rag e  c o n c e n tr a t io n s  w ere  0 .4  and 0 .7  m i l l ig r a m s  
p e r l i t e r  f o r  th e  I l l i n o i s  and Kansas c o a ls ,  r e s p e c t iv e ly .  S ig n i f i c a n t  d i f ­
fe re n c e s  i n  th e  i n i t i a l  c o n c e n tr a t io n s  w ere  e v id e n t .  The n ic k e l  c o n c e n tra -















D i s t i l l e d  Water  
Fina l  E f f l u e n t
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Time, days
F ig u re  4 4 : N ic k e l C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
F in a l  E f f l u e n t  U s in g  Kansas C o a l A t 50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
t io n s  a f t e r  one h o u r o f  m ix in g  w ere  3 .9  and 0 .8  m i l l ig r a m s  p e r l i t e r ,  
r e s p e c t iv e ly ,  f o r  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  Kansas and I l l i n o i s  
c o a ls .
pH
The pH v a lu e s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
s u r fa c e  w a te r  u s in g  Kansas c o a l a re  shown on F ig u re  4 6 . As in d ic a te d  by th e  
f ig u r e ,  th e re  was a g e n e ra l te n d e n c y  f o r  in c r e a s in g  pH as a f u n c t io n  o f  d e te n ­
t io n  t im e .  The average  pH v a lu e s  w ere 7 .6  and 7 . 7 ,  r e s p e c t iv e ly ,  f o r  th e  d is ­
t i l l e d  w a te r  and s u r fa c e  w a te r  s l u r r i e s .  A l l  pH v a lu e s  w ere  w e l l  w i t h in  a 
s a t i s f a c t o r y  ra n g e .















I l l i n o i s  Coal
0 2 4 6 8 10 12 14 16
Time, days
F ig u re  4 5 : N ic k e l C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  S u r fa c e  W a te r U s in g  
Kansas And I l l i n o i s  C o a ls  A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
The pH v a lu e s  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
w a s te w a te r  t re a tm e n t  p la n t  e f f l u e n t  u s in g  Kansas c o a l a re  shown on F ig u re  4 7 . 
G re a te r  f lu c t u a t io n s  in  th e  pH v a lu e s  o f  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  
th e  f i n a l  e f f l u e n t  w ere o b s e rv e d  th a n  i n  th e  w a s te w a te r  p re p a re d  w i t h  th e  d is ­
t i l l e d  w a te r .  H ow ever, a l l  pH v a lu e s  w ere  w e l l  w i t h in  an a c c e p ta b le  ra n g e . 
The a ve rag e  pH v a lu e s  f o r  b o th  ru n s  w ere  7 . 6 .
The pH v a lu e s  o f  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
s u r fa c e  w a te r  u s in g  I l l i n o i s  c o a l a re  shown on F ig u re  4 8 . The a ve rag e  pH v a l ­
ues w ere  7 .2  f o r  b o th  e x p e r im e n ta l ru n s .
A s im i l a r  co m p a riso n  o f  pH v a lu e s  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  
d i s t i l l e d  w a te r  and w a s te w a te r  t re a tm e n t  p la n t  e f f l u e n t  u s in g  I l l i n o i s  c o a l is  
shown on F ig u re  4 9 . As in d ic a te d  by th e  f ig u r e ,  th e  pH v a lu e s  o f  th e  s lu r r y








D i s t i l l e d  Water  
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F ig u re  4 6 : pH As A F u n c t io n  O f D e te n t io n  T im e F o r S lu r r y  W a s te w a te rs
P re p a re d  W ith  D i s t i l l e d  W a te r And S u r fa c e  W ater 
U s in g  Kansas G oa l A t 50 P e rc e n t S o l id s  








D i s t i l l e d  Water  
Final  E f f l uent
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Time,  days
F ig u re  4 7 : pH As A F u n c t io n  O f D e te n t io n  T im e F o r S lu r r y  W a s te w a te rs
P re p a re d  W ith  D i s t i l l e d  W a te r And F in a l  E f f l u e n t  
U s in g  Kansas C oa l A t 50 P e rc e n t S o l id s  
In  An A n a e ro b ic  E n v iro n m e n t.








D i s t i l l e d  Water  
Sur face  Water
0 2 4 6 8 10 12 14 16
Time,  days
F ig u re  4 8 : pH As A F u n c t io n  O f D e te n t io n  T im e F o r S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And S u r fa c e  W a te r 
U s in g  I l l i n o i s  C oa l A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
w a s te w a te rs  p re p a re d  w i t h  th e  f i n a l  e f f l u e n t  w ere  lo w e r th a n  f o r  th e  w astew a­
te r s  p re p a re d  w i t h  th e  d i s t i l l e d  w a te r .  The a ve ra g e  pH v a lu e s  w ere  7 .2  and 
6 . 7 ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
f i n a l  e f f l u e n t .
P hospha te
P ho sp ha te  c o n c e n tr a t io n s  i n  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  b o th  th e  
Kansas and I l l i n o i s  c o a ls  w ere  be low  th e  d e te c ta b le  l i m i t  f o r  th e  s in g le  re a g ­
e n t m ethod  used in  th e  a n a ly s is .
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F ig u re  4 9 : pH As A F u n c t io n  O f D e te n t io n  T im e F o r S lu r r y  W a s te w a te rs
P re p a re d  W ith  D i s t i l l e d  W a te r And F in a l  E f f l u e n t  
U s in g  I l l i n o i s  C o a l A t  50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
P o ta s s iu m
P o ta s s iu m  c o n c e n tr a t io n s  in  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d is ­
t i l l e d  w a te r  and s u r fa c e  w a te r  w ere  r e l a t i v e l y  low  and w o u ld  n o t  be s i g n i f i ­
c a n t .  A g e n e ra l te n d e n c y  f o r  in c r e a s in g  p o ta s s iu m  c o n c e n tr a t io n s  as a fu n c ­
t io n  o f  d e te n t io n  t im e  was in d ic a te d  by th e  d a ta .  The a ve ra g e  c o n c e n tr a t io n s  
w ere  11 .1  and 1 1 .5  m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s l u r r y  w a s te w a te rs  
p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l .  The d a ta  
a re  shown on F ig u r e  5 0 .
The p o ta s s iu m  c o n c e n tr a t io n s  in  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d is ­
t i l l e d  w a te r  and f i n a l  e f f l u e n t  u s in g  Kansas c o a l a re  shown on F ig u r e  5 1 . 
These  d a ta  a ls o  in d ic a te d  a g e n e ra l te n d e n c y  f o r  in c r e a s in g  c o n c e n t r a t io n s  as 
a f u n c t io n  o f  d e te n t io n  t im e .  The a ve ra g e  c o n c e n tr a t io n s  f o r  th e  d i s t i l l e d  
w a te r  and f i n a l  e f f l u e n t  ru n s  w ere  1 1 .1  and 1 3 .4  m i l l ig r a m s  p e r l i t e r ,  re s p e c ­
t i v e l y .

























D i s t i l l e d  Water  
Final  E f f l u e n t
0 2 4 6 8 10 12 14 16
Time,  days
F ig u re  50 : P o ta s s iu m  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W ater U s in g  Kansas C o a l A t 50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
F ig u re  52 shows th e  p o ta s s iu m  c o n c e n tr a t io n s  as a f u n c t io n  o f  d e te n t io n  
t im e  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  I l l i n o i s  c o a l .  V e ry  l i t t l e  d i f ­
fe re n c e  i n  th e  a ve ra g e  c o n c e n tr a t io n s  was o b s e rve d  f o r  th e  two e x p e r im e n ta l 
ru n s .  The ave rage  c o n c e n tr a t io n s  w ere  26 and 29 m i l l ig r a m s  p e r l i t e r ,  re s p e c ­
t i v e l y ,  f o r  th e  s u r fa c e  w a te r  and f i n a l  e f f l u e n t  ru n s .
The d i f fe r e n c e  in  p o ta s s iu m  c o n c e n tr a t io n s  betw een s lu r r y  w a s te w a te rs  
p re p a re d  w i t h  th e  two c o a ls  was s i g n i f i c a n t .  H ow ever, th e  c o n c e n tr a t io n s  w ere  
n o t  h ig h  f o r  e i t h e r  s e t  o f  d a ta  and , e x c e p t f o r  a r e l a t i v e l y  m in o r c o n t r ib ­
u t io n  to  d is s o lv e d  s o l id s ,  w o u ld  n o t  be s i g n i f i c a n t .  F ig u re  53 shows a com­
p a r is o n  o f  th e  p o ta s s iu m  c o n c e n tr a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  
su r fa c e  w a te r  and th e  two c o a ls .  The a ve rag e  c o n c e n tr a t io n s  w ere  1 1 .5  and 
2 6 .0  m il lg ra m s  p e r l i t e r  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  Kansas and I l l i ­
n o is  c o a ls ,  r e s p e c t iv e ly .
















Fina l  E f f l u e n t  
D i s t i l l e d  Water
0 2 4 6 8 10 12 14 16
Time,  days
F ig u re  51 : P o ta s s iu m  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
F in a l  E f f l u e n t  U s in g  Kansas C oa l A t 50 P e rc e n t 
















Sur face  Water  
Final  E f f l u e n t
0 2 4 6 8 10 12 14 16
Time,  days
F ig u re  52 : P o ta s s iu m  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  S u r fa c e  W a te r And F in a l  
E f f l u e n t  U s in g  I l l i n o i s  C oa l A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.

















I l l i n o i s  Coal
0 2  4 6 8 10 12 14 16
Time, days
F ig u re  5 3 : P o ta s s iu m  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  S u r fa c e  W a te r U s in g  
Kansas And I l l i n o i s  C o a ls  A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
S i l i c a
S i l i c a  c o n c e n tr a t io n s  in  a l l  e x p e r im e n ta l ru n s  c o n d u c te d  w i t h  th e  Kansas
c o a l w ere  e r r a t i c  w i t h  no c le a r l y  d is c e r n ib le  t r e n d s .  The c o n c e n tr a t io n s  w ere
r e l a t i v e l y  lo w  and re p re s e n t  o n ly  a m in o r c o n t r ib u t io n  to  d is s o lv e d  s o l id s .
The p r im a ry  c o n c e rn  w i t h  s i l i c a  is  t h a t  i t  w i l l  p r e c ip i t a t e  on h e a t e xcha n ge r
\
s u r fa c e s  i f  th e  te m p e ra tu re  is  e le v a te d  s u f f i c i e n t l y .  R e d u c t io n  i n  h e a t 
t r a n s f e r  r a te s  r e s u l t s  fro m  th e  s i l i c a  s c a le .  T h is  phenomenom is  w id e ly  known 
a nd , w here  n e c e s s a ry , re m e d ia l m easures a re  ta k e n  to  a v o id  th e  p ro b le m . Con­
s e q u e n t ly ,  th e  s i l i c a  c o n c e n tr a t io n s  m easured  in  th e  e x p e r im e n ta l ru n s  have 
r e l a t i v e l y  l i t t l e  s ig n i f i c a n c e .  F ig u r e  54 shows a co m p a ris o n  o f  th e  s i l i c a  
c o n c e n tr a t io n s  as a f u n c t io n  o f  d e te n t io n  t im e  f o r  s lu r r y  w a s te w a te rs  p re p a re d  
w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l .  The a ve ra g e  concen­
t r a t io n s  w ere  5 .6  and 6 .7  m i l l ig r a m s  p e r  l i t e r  (a s  S i0 2 )  r e s p e c t iv e ly ,  f o r
-  88  -
s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r .  The b ack ­




















D i s t i l led Water  
Sur face  Water
0 2  4 6 8 10 12 14 16
Time,  days
F ig u re  54 : S i l i c a  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
S u r fa c e  W a te r U s in g  Kansas C o a l A t 50 P e rc e n t 
S o l id s  I n  An A n a e ro b ic  E n v iro n m e n t.
A s im i l a r  co m p a riso n  o f  s i l i c a  c o n c e n tr a t io n s  i n  d i s t i l l e d  w a te r  and 
w a s te w a te r  t re a tm e n t  p la n t  e f f l u e n t  s l u r r y  w a s te w a te rs  u s in g  Kansas c o a l is  
shown on F ig u re  5 5 . As shown by th e  f ig u r e ,  th e  s i l i c a  c o n c e n tr a t io n s  w ere  
a ls o  e r r a t i c  in  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  f i n a l  e f f l u e n t .  The 
ave rag e  c o n c e n tr a t io n s  w ere  5 .6  and 7 .3  m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  
f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and f i n a l  e f f l u e n t .  The 
ave rag e  s i l i c a  c o n c e n t r a t io n  o f  7 .3  m i l l ig r a m s  p e r l i t e r  f o r  th e  f i n a l  e f ­
f lu e n t  e x p e r im e n ta l ru n  was le s s  th a n  th e  b a c k g ro u n d  s i l i c a  c o n c e n t r a t io n  o f  
12 m i l l ig r a m s  p e r l i t e r .  C o n s e q u e n t ly ,  t h i s  f a c t o r  com bined  w i t h  a te n d e n c y  
f o r  d e c re a s in g  s i l i c a  c o n c e n tr a t io n s  w i t h  in c r e a s in g  d e te n t io n  t im e  d u r in g  th e
-  89 -





















D i s t i l l e d  Water  
Final  E f f l u e n t
0  2 4  6 8 10 12 14 16
Time,  days
F ig u re  5 5 : S i l i c a  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r 
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r And 
F in a l  E f f l u e n t  U s in g  Kansas C o a l A t 50 P e rc e n t 
S o l id s  In  An A n a e ro b ic  E n v iro n m e n t.
A c o m p a ris o n  o f  th e  s i l i c a  c o n c e n tr a t io n s  i n  s lu r r y  w a s te w a te rs  p re p a re d  
w i t h  th e  I l l i n o i s  and Kansas c o a ls  is  shown on F ig u re  5 6 .  As in d ic a te d  by th e  
f ig u r e ,  th e  s i l i c a  c o n c e n tr a t io n s  i n  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  th e  
I l l i n o i s  c o a l w ere  le s s  th a n  th o s e  p re p a re d  w i t h  th e  Kansas c o a l .  The a ve ra g e  
c o n c e n tr a t io n s  w ere  3 .9  and 5 .6  m i l l ig r a m s  p e r l i t e r  (a s  S i0 2 ) ,  r e s p e c t iv e ly ,  
f o r  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  I l l i n o i s  and Kansas c o a ls .  D i s t i l l e d  
w a te r  was used as th e  s lu r r y  m ed ia  f o r  th e s e  e x p e r im e n ta l ru n s .  A lth o u g h  th e  
d i f f e r e n c e  in  c o n c e n tr a t io n s  was c le a r l y  a p p a re n t ,  th e  c o n c e n tr a t io n s  o f  s i l ­
ic a  w e re  low  in  b o th  s e ts  o f  d a ta .





















I l l i n o i s  Coal
0 2 4 6 8 10 12 14 16
Time,  days
F ig u re  5 6 : S i l i c a  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r S lu r r y
W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  Kansas 
And I l l i n o i s  C o a ls  A t 50 P e rc e n t S o l id s  In  
An A n a e ro b ic  E n v iro n m e n t.
F ig u r e  57 shows a co m p a ris o n  o f  s i l i c a  c o n c e n tr a t io n s  i n  s l u r r y  w astew a­
te r s  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r  u s in g  I l l i n o i s  c o a l .  A l ­
th o u g h  th e  d a ta  w ere  e r r a t i c ,  an a p p a re n t te n d e n c y  f o r  d e c re a s in g  c o n c e n tra ­
t io n s  w i t h  in c r e a s in g  d e te n t io n  t im e  was o b s e rv e d  n e a r  th e  end o f  th e  
s u r fa c e  w a te r  e x p e r im e n ta l r u n .  The a ve ra g e  c o n c e n tr a t io n s  w e re  3 .9  and 5 .1  
m i l l ig r a m s  p e r l i t e r  (a s  S i0 2 )  f o r  th e  s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d is ­
t i l l e d  w a te r  and s u r fa c e  w a te r ,  r e s p e c t iv e ly .
Sodium
The sod ium  c o n c e n t r a t io n s  i n  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  
w a te r  and s u r fa c e  w a te r  u s in g  Kansas c o a l a re  shown on F ig u r e  5 8 . The a ve ra g e  
c o n c e n tr a t io n s  w ere  48 and 50 m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  th e  
s l u r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and s u r fa c e  w a te r .  No 
c le a r l y  d e f in a b le  tre n d s  w e re  e v id e n t  fro m  th e s e  d a ta .





















D i s t i l l e d  Water  
Surface  Water
0 2 4 6 8 10 12 14 16
Time, days
F ig u re  57: S i l i c a  C o n c e n tra tio n s  As A F u n c tio n  O f D e te n tio n  Time For S lu r ry
W astew aters P rep ared  W ith  D i s t i l l e d  W ater And S u rfa ce  
W ater U s ing  I l l i n o i s  Coal A t 50 P e rc e n t S o lid s  
In  An A n aero b ic  E n v iro n m en t.
F ig u re  59 shows the  sodium c o n c e n tra tio n s  in  s lu r r y  w astew aters  p repared  
w ith  s u rfa c e  w a te r  and f i n a l  e f f lu e n t  u s in g  I l l i n o i s  c o a l.  The average con­
c e n tra t io n s  were 405 and 375 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r y  
w astew aters  p rep ared  w ith  the s u rfa c e  w a te r and f i n a l  e f f lu e n t .
As shown by F ig u re  6 0 , the sodium c o n c e n tra tio n s  in  s lu r r y  w astew aters  
p rep ared  w ith  the  I l l i n o i s  c o a l w ere s u b s t a n t ia l ly  g re a te r  than those in  the  
s lu r r y  w astew aters  p rep ared  w ith  th e  Kansas c o a l .  The average  c o n c e n tra tio n s  
were 50 and 405 m illig ra m s  per l i t e r  fo r  s lu r r y  w astew aters  p rep ared  w ith  the  
Kansas and I l l i n o i s  c o a ls , r e s p e c t iv e ly .  S u rfa ce  w ater was used as th e  s lu r r y  
m edia fo r  these e x p e rim e n ta l ru n s .















D i s t i l l ed : Water  
Surface  Water
Time, days
F ig u re  58: Sodium C o n c e n tra tio n s  As A F u n c tio n  O f D e te n tio n  Tim e For S lu r ry
W astew aters P repared  W ith  D i s t i l l e d  W ater And S u rfa ce  
W ater U sing  Kansas Coal A t 50 P e rc e n t S o lid s  














S u r face  Water  
Fina l  E f f l u e n t
0 2 4 6 8 10 12 14 16
Time, days
F ig u re  59: Sodium C o n c e n tra tio n s  As A F u n c tio n  O f D e te n tio n  Tim e For S lu r ry  
W astew aters P rep ared  W ith  S u rfa c e  W ater And F in a l  E f f lu e n t  
U sing  I l l i n o i s  C oal A t 50 P e rc e n t S o lid s  In  An 
A n aero b ic  E n v iro n m en t.
-  93 -








F ig u re  60: Sodium C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  Time For S lu r ry  
W astew aters  P rep ared  W ith  S u rfa c e  W ater U sing  Kansas And 
I l l i n o i s  Coals A t 50 P e rc e n t S o lid s  In  
An A n aero b ic  E n viro n m en t.
S u lfa te
The s u l fa t e  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  w ith  b o th  co a ls  
were h ig h  and were c le a r ly  a fu n c t io n  o f c o a l source . The average co n cen tra ­
t io n s  were 1 ,4 0 0  and 2 ,2 5 0  m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r y  
w astew aters  p repared  w ith  I l l i n o i s  and Kansas c o a ls . D i s t i l l e d  w a te r was used 
as the  s lu r r y  m ed ia . F ig u re  61 i l l u s t r a t e s  th e  s u l fa t e  c o n c e n tra tio n s  w ith  
re s p e c t to  d e te n tio n  tim e fo r  s lu r r y  w astew aters  p repared  w ith  Kansas c o a l and 
d i s t i l l e d  w a te r .








0 2 4 6 8 10 12 14 16
Kansas Coal 
I l l i n o i s  Coal
T im e,  days
F ig u re  6 1 : S u l fa te  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  T im e F o r
S lu r r y  W a s te w a te rs  P re p a re d  W ith  D i s t i l l e d  W a te r 
U s in g  Kansas C o a l A t 50 P e rc e n t S o l id s  
I n  An A n a e ro b ic  E n v iro n m e n t.
PHASE I I  RESULTS
The p u rp o se  o f  t h i s  phase o f  th e  o v e r a l l  re s e a rc h  p ro g ra m  was to  d e te r ­
m ine  th e  t re a tm e n t  p ro c e d u re s  a p p l ic a b le  f o r  r e s t o r a t io n  o f  th e  s l u r r y  w a s te -  
w a te r  r e s u l t i n g  fro m  th e  s lu r r y  p ip e l i n i n g  o f  h ig h - s u l f u r  c o a l to  a c c e p ta b le  
le v e ls .  An e x a m in a t io n  o f  th e  w a te r  q u a l i t y  c h a r a c t e r iz a t io n  d a ta  p re s e n te d  
in  th e  Phase I  r e s u l t s  in d ic a te s  t h a t  p o t e n t ia l  t re a tm e n t  needs can be d iv id e d  
i n t o  th re e  c a te g o r ie s .  These c a te g o r ie s  in c lu d e  r e d u c t io n  o f  th e  o rg a n ic  con­
t e n t  o f  th e  w a te r ,  r e d u c t io n  in  d is s o lv e d  s o l id s  and c o n s t i t u e n t  io n s ,  and re ­
d u c t io n  in  c e r t a in  t r a c e  m e ta l c o n c e n t r a t io n s .
A lth o u g h  th e  b io c h e m ic a l oxygen  demand and c h e m ic a l oxygen  demand concen ­
t r a t io n s  i n  th e  s lu r r y  w a s te w a te rs  p re p a re d  u s in g  th e  two E a s te rn  c o a ls  w ere  
s u b s t a n t ia l l y  le s s  th a n  f o r  th e  W e s te rn  c o a ls  p r e v io u s ly  in v e s t ig a t e d ,  th e  o r ­





















t io n  in  c o n c e n tra tio n  in  most cases. C o n seq u en tly , b io lo g ic a l  tre a tm e n t  
s tu d ie s  were conducted to  d e te rm in e  the  a c c e p t a b i l i t y  o f b io lo g ic a l  tre a tm e n t  
processes fo r  re d u c tio n  o f the b io c h e m ic a l and chem ical oxygen demand o f the  
s lu r r y  w a s te w a te r. These s tu d ie s  were conducted u s in g  la b o r a to ry -s c a le  a c t i ­
v a te d  s ludge u n i t s .  The r e s u lts  o f  the s tu d ie s  in d ic a te d  th a t  b io lo g ic a l  
tre a tm e n t o f  the  s lu r r y  w as tew ater is  a v ia b le  tre a tm e n t m ethod. A c c lim a tio n  
o f th e  m icroorganism s w i l l  p ro b a b ly  be re q u ire d  in  the  i n i t i a l  s ta r t -u p  o f 
tre a tm e n t p la n t  o p e ra t io n s . However, s e v e ra l a c c lim a tio n  procedures have been 
used s u c c e s s fu lly  in  the  la b o r a to ry .  C o n seq u en tly , l i t t l e  i f  any, d i f f i c u l t y  
is  expected  w ith  th is  aspect o f the  o v e r a l l  tre a tm e n t p la n t  o p e ra t io n s .
D is s o lv e d  S o lid s
The t o t a l  d is s o lv e d  s o lid s  c o n c e n tra tio n s  in  th e  s lu r r y  w astew aters  pre­
pared w ith  b o th  c o a ls  were h ig h  and would o r d in a r i ly  r e q u ire  re d u c tio n  in  con­
c e n t r a t io n  p r io r  to  d is ch a rg e  to  s u rfa c e  w aterco u rses  or b e fo re  reuse o f the  
w a s te w a te r . However, the c o n s titu e n c y  o f  the d is s o lv e d  s o lid s  was c le a r ly  
c o a l source s p e c i f ic .
Both co a ls  produced h ig h  hardness c o n c e n tra tio n s  in  t h e i r  re s p e c t iv e  
s lu r r y  w as te w a te rs . However, th e  r e la t i v e  r e la t io n s h ip s  o f c a lc iu m  and magne­
sium v a r ie d  w ith  the  c o a l source . N e a rly  a l l  o f  the  hardness in  s lu r r y  w a s te - 
w ate rs  p repared  w ith  the  I l l i n o i s  c o a l was a t t r ib u t a b le  to  ca lc iu m  whereas 
about s e v e n ty - f iv e  p e rce n t o f the hardness in  s lu r r y  w astew aters  p repared  w ith  
th e  Kansas c o a l was c a lc iu m . Both ca lc iu m  and magnesium can be removed w ith  
lim e  or lim e -s o d a  ash s o fte n in g , as a p p ro p r ia te . However, i t  is  o r d in a r i ly  
les s  expensive  to  remove c a lc iu m . C o n seq u en tly , the  g re a te r  the r a t i o  o f c a l­
cium to  t o t a l  hardness the less expensive the s o fte n in g  process w i l l  be .
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R e d u c tio n  in  d is s o lv e d  s o lid s  c o n c e n tra tio n s  beyond th a t  a c h ie v a b le  by 
re d u c in g  the hardness w i l l  be r e la t i v e l y  e x p e n s ive . The predom inate  ions in  
the s lu r r y  w a s te w a te r, in  a d d it io n  to  the  ca lc iu m  and magnesium, w ere sodium, 
c h lo r id e  and s u l fa t e  in  th e  s lu r r y  w astew aters  p rep ared  w ith  th e  I l l i n o i s  
c o a l.  Sodium and c h lo r id e  a re  m onovalent ions  and a re  r e l a t i v e l y  exp en s ive  to  
remove from w a te r . A lth o u g h  s u l fa t e  is  a d iv a le n t  an io n  i t  a ls o  is  r e l a t i v e l y  
expens ive  to  rem ove. I f  s ig n i f ic a n t  re d u c tio n s  in  d is s o lv e d  s o lid s  beyond 
th a t  a c h ie v a b le  by hardness re d u c tio n  a re  re q u ire d , the  more exp en s ive  t r e a t ­
ment p ro cesses , such as io n  exchange and re v e rs e  osmosis must be used.
The predom inate  ions in  the s lu r r y  w astew aters  p rep ared  w ith  the  Kansas 
c o a l were c a lc iu m , magnesium and s u l f a t e .  A lth o u g h  the  sodium and c h lo r id e  
c o n c e n tra tio n s  were r e l a t i v e l y  low compared w ith  th e  I l l i n o i s  c o a l s lu r r y  
w a s te w a te r , the c h lo r id e  c o n c e n tra t io n  may be s ig n i f ic a n t .  The s ig n if ic a n c e  
o f  the  c h lo r id e  c o n c e n tra t io n  would be dependent on the  w a te r q u a l i t y  s ta n d ard  
fo r  the re c e iv in g  stream  and on the  r e la t i v e  ra te s  o f flo w  o f  the  s lu r r y  
w astew ater and the r e c e iv in g  stream  ( th e  d i lu t io n  a v a i la b le ) .  C o n seq u en tly , 
b ro a d -s c a le  co n c lu s io n s  co n cern in g  the  s ig n if ic a n c e  o f th e  c h lo r id e  in  s lu r r y  
w astew aters  p rep ared  w ith  th e  E a s te rn  c o a ls  cannot be s a fe ly  drawn. However, 
re d u c tio n  in  the  s u l fa t e  c o n c e n tra t io n  may be re q u ire d  to  meet th e  s u l f a t e  
p ro v is io n  in  w a te r q u a l i t y  s ta n d a rd s .
T ra ce  M e ta ls
The c o n c e n tra tio n s  o f s e v e ra l m e ta ls  in  the  s lu r r y  w as tew aters  p rep ared  
w ith  th e  E a s te rn  co a ls  were s u f f i c i e n t ly  h ig h  to  r e q u ire  a t t e n t io n  in  d e f in in g  
the  o v e r a l l  tre a tm e n t re q u ire m e n ts  in  a p a r t ic u la r  s i t u a t io n .  The n ic k e l  con­
c e n t r a t io n s ,  fo r  exam ple, were much h ig h e r  than would be a llo w a b le  in  most
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cases. However, the c o n c e n tra tio n s  o f s e v e ra l o f the heavy m eta ls  decreased  
w ith  in c re a s in g  res id en ce  tim e s . The heavy m eta ls  can be reduced in  concen­
t r a t io n  by s e v e ra l tre a tm e n t methods 5 such a s , p r e c i p i t a t io n  exchange and 
o th e r  p ro cesses . The d e te rm in in g  fa c to r  in  s e le c t in g  a tre a tm e n t process w i l l  
l i k e l y  be the  le v e l  to  w hich the  m e ta l c o n c e n tra t io n  must be red u ced . S ince  
th is  le v e l  is  dependent on the w a te r  q u a l i t y  s ta n d ard  in  the r e c e iv in g  stream  
and on the  d i lu t io n  a v a i la b le  in  the r e c e iv in g  stream , the  v i a b i l i t y  o f  the  
s e v e ra l p o t e n t ia l  tre a tm e n t processes a re  s i t e  s p e c i f ic .  T h a t i s ,  th e  reduc­
t io n  in  c o n c e n tra tio n  o f a p a r t ic u la r  m e ta l by h y d ro x id e  p r e c ip i t a t io n  may be 
adequate  a t  one s i t e  bu t may be in a d eq u a te  a t a n o th e r.
PHASE I I I  RESULTS
The purpose o f th is  phase was to  d eve lo p  u lt im a te  b io c h em ic a l oxygen de­
mand curves fo r  s lu r r y  w astew aters  p rep ared  w ith  c o a l from  v a r io u s  sources to  
d e te rm in e  t h e i r  s im i la r i t i e s  and d if fe re n c e s  and to  d e te rm in e  i f  the  curves  
a re  p r e d ic ta b le .  The r e s u lts  o f  these in v e s t ig a t io n s  in d ic a te d  th a t  u lt im a te  
b io c h e m ic a l oxygen demand c o n c e n tra tio n s  were c le a r ly  a fu n c t io n  o f c o a l 
so u rce . W ith  a c c lim a tio n  o f  the m icro o rg an ism s, the  u lt im a te  demands w ere ex­
e r te d  w ith in  about a tw e lv e -d a y  p e r io d . T h is  is  a more r a p id  developm ent o f  
u lt im a te  b io ch em ica l oxygen demand than fo r  " ty p ic a l"  dom estic  w a s te w a te r. As 
would be expected  from these r e s u l t s ,  the  f iv e -d a y  b io c h em ic a l oxygen demand 
to  u lt im a te  b io ch em ica l oxygen demand r a t io s  were h ig h  w ith  r a t io s  exceed ing  
0 .8 6  in  a l l  in v e s t ig a t io n s .  The r a t io s  ranged as h igh  as 0 . 9 6  and in d ic a te  
th a t  th e  b io c h em ic a l oxygen demand in  the s lu r r y  w astew ater is  r e a d i ly  b iode­
g ra d ab le  once the  m icroorganism s a re  a c c lim a te d .
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F ig u re  62 shows the  u lt im a te  b io c h em ic a l oxygen demand curve  developed  
u sin g  Kansas c o a l.  The s lu r r y  w astew ater used fo r  th is  a n a ly s is  was developed  
u s in g  d i s t i l l e d  w a te r and the  Kansas c o a l w ith  a f o r t y - e ig h t  hour m ix in g  pe­
r io d .  The f iv e -d a y  b io c h em ic a l oxygen demand to  u lt im a te  b io c h e m ic a l oxygen  
demand r a t io  was 0 .8 6 .  A c c lim a tio n  o f the m icroorganism s was accom plished by 
u t i l i z i n g  m u n ic ip a l w as tew ater w ith  in c re a s in g  f r a c t io n s  o f c o a l  s lu r r y  w a s te -  
w a te r d u rin g  the a c c lim a tio n  p e r io d . The u lt im a te  b io c h e m ic a l oxygen demand 
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F ig u re  62: U lt im a te  B io ch em ica l Oxygen Demand Curve For S lu r ry  
W astew ater P repared  W ith  D i s t i l l e d  W ater U sing  
Kansas Coal A t 50 P e rc e n t S o lid s  W ith  A 
F o r ty -E ig h t  Hour M ix in g  P e r io d .
F ig u re  63 p ro v id es  a com parison o f the  f iv e -d a y  b io c h em ic a l oxygen demand 
c o n c e n tra tio n s  in  s lu r r y  w astew aters  mixed fo r  f o r t y - e ig h t  hours us ing  Kansas 
and Wyoming c o a ls . As shown by the f ig u r e ,  th e  b io c h em ic a l oxygen demand con­
c e n tra t io n s  in  the s lu r r y  w astew ater p repared  w ith  the  Wyoming c o a l were sub-
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s t a n t i a l l y  g re a te r  than those re p re s e n tin g  the  Kansas c o a l.  The u lt im a te  
b io c h e m ic a l oxygen demand c o n c e n tra t io n  was 370 m illig ra m s  per l i t e r  w ith  a 
f iv e - d a y  b io c h em ic a l oxygen demand c o n c e n tra t io n  o f 320 m illig ra m s  per l i t e r .  
The f iv e -d a y  b io c h em ic a l oxygen demand to  u lt im a te  b io c h e m ic a l oxygen demand 
r a t i o  was 0 .8 6 .  T h is  r a t io  was e q u iv a le n t  to  th e  r a t i o  fo r  th e  Kansas c o a l 
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F ig u re  63: U lt im a te  B io ch em ica l Oxygen Demand Curve For S lu r ry  
W astew ater P rep ared  W ith  D i s t i l l e d  W ater U sing  
Kansas and Wyoming Coals A t 50 P erc e n t 
S o lid s  W ith  A F o r ty -E ig h t  Hour 
M ix in g  P e r io d .
F ig u re  64 shows the  u lt im a te  b io c h em ic a l oxygen demand curves fo r  s lu r r y  
w astew aters  p rep ared  w ith  the Kansas c o a l u s in g  a 120 -h o u r m ix in g  p e r io d .  
T h is  cu rve  was developed over a n in e ty  day p e r io d  to  assess any lo n g -te rm  phe­
nomena w hich m ight d e ve lo p . The f iv e -d a y  and u lt im a te  b io c h em ic a l oxygen de­
mand c o n c e n tra tio n s  were 230 and 240 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  
y ie ld in g  a f iv e -d a y  b io c h em ic a l oxygen demand to  u lt im a te  b io c h em ic a l oxygen 


























0 3 6 9 12  15 18  21 24  27 30
Time, days
F ig u re  64: U lt im a te  B io ch em ica l Oxygen Demand Curve For S lu r ry  
W astew ater P rep ared  W ith  D i s t i l l e d  W ater U sing  
Kansas C oal A t 50 P e rc e n t S o lid s  W ith  A 
120-H our M ix in g  P e r io d .
A com parison o f  the u lt im a te  b io c h e m ic a l oxygen demand curves fo r  th e  
s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w a te r and Kansas c o a l w ith  th e  two 
m ix in g  p e rio d s  is  shown on F ig u re  6 5 .
The u lt im a te  b io c h e m ic a l oxygen demand curve fo r  a s lu r r y  w astew ater  
m ixed in  a s e q u e n tia l a e ro b ic -a n a e ro b ic  environm ent fo r  t h i r t e e n  days is  shown 
on F ig u re  6 6 . The f iv e -d a y  and u l t im a te  b io c h e m ic a l oxygen demand c o n ce n tra ­
t io n s  were 95 and 105 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly .  The f iv e -d a y  b io ­
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F ig u re  65: U lt im a te  B io ch em ica l Oxygen Demand Curve For S lu r ry  
W astew ater P repared  W ith  D i s t i l l e d  W ater Using  
Kansas Coal A t 50 P erc e n t S o lid s  W ith  
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F ig u re  66: U lt im a te  B io ch em ica l Oxygen Demand Curve For S lu r ry  
W astew ater P rep ared  W ith  D i s t i l l e d  W ater U sing  
Kansas Coal At 50 P erc e n t S o lid s  Mixed In  
A S e q u e n tia l A e ro b ic -A n a e ro b ic  
Environm ent For 13 D ays.
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PHASE IV  RESULTS
The p rim ary  purpose o f th is  o b je c t iv e  was to  d e te rm in e  i f  b io lo g ic a l  
tre a tm e n t o f  the  s lu r r y  w astew ater was a v ia b le  a l t e r n a t iv e  fo r  re d u c in g  the  
b io c h e m ic a l oxygen demand o f the s lu r r y  w a s te w a te r . C o n seq u en tly , th is  o b je c ­
t i v e  was addressed to  b o th  the  b io lo g ic a l  tre a tm e n t o f  s lu r r y  w astew aters  pre­
pared  w ith  both  E a s te rn  and W estern c o a ls . S e v e ra l t r e a t a b i l i t y  s tu d ie s  were  
conducted in  la b o ra to ry  a c t iv a te d  s ludge u n its  u s in g  s lu r r y  w as tew aters  p re ­
pared  w ith  b o th  E a s te rn  and W estern c o a ls . The r e s u lts  o f  these  t r e a t a b i l i t y  
s tu d ie s  in d ic a te d  th a t  b io lo g ic a l  tre a tm e n t is  a v ia b le  a l t e r n a t i v e ,  and w i l l  
p ro b ab ly  be th e  p re fe r re d  a l t e r n a t i v e ,  fo r  re d u c in g  the  b io c h e m ic a l oxygen de­
mand and chem ical oxygen demand o f the  s lu r r y  w a s te w a te r . F o r the  co a ls  in ­
v e s t ig a te d ,  a c c lim a tio n  o f  m icroorganism s was re q u ire d  b e fo re  e i t h e r  r e l i a b l e  
b io c h e m ic a l oxygen demand c o n c e n tra tio n s  cou ld  be d e te rm in ed , o r s u c c e s s fu l ac­
t iv a t e d  sludge s tu d ie s  cou ld  be conducted . A c c lim a tio n  o f  th e  m icroorganism s  
u s in g  a s y n th e t ic  s u b s tra te ,  sodium b e n zo a te , was no t s u c c e s s fu l. How ever, 
th e  use o f m icroorganism s o b ta in e d  from  s o i l  a t  a c o a l mine r e s u lte d  in  a suc­
c e s s fu l a c c lim a t io n . S u cc e ss fu l a c c lim a tio n  was a ls o  a t ta in e d  u s in g  m ixed l i ­
quor from  the a e r a t io n  b a s in  o f  an a c t iv a te d  s ludge w as te w a ter tre a tm e n t p la n t  
used fo r  th e  tre a tm e n t o f  dom estic  and in d u s t r ia l  w a s te w a te r .
Some i n s t a b i l i t y  seemed to  occur d u rin g  some o f  the  a c c lim a tio n  a tte m p ts  
u s in g  the  mixed l iq u o r .  I t  was l a t e r  le a rn e d  th a t  th e  m u n ic ip a l tre a tm e n t  
p la n t  was e x p e rie n c in g  o p e r a t io n a l problems d u rin g  th is  p e r io d  because o f  the  
p e r io d ic  d is ch a rg e  o f  heavy m eta ls  in to  th e  w as tew ater c o l le c t io n  system . 
C o n seq u en tly , the ap p are n t i n s t a b i l i t y  o f  the a c c lim a tio n  was p ro b a b ly  caused  
by the  heavy m e ta l c o n te n t o f  the  w a s te w a te r.
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The r e s u lts  o f the  t r e a t a b i l i t y  in v e s t ig a t io n s  and the  la b o ra to ry  a c t i ­
v a te d  sludge tre a tm e n t s tu d ie s  in d ic a te d  th a t  b io lo g ic a l  tre a tm e n t o f  the  
s lu r r y  w astew ater is  a v ia b le  a l t e r n a t iv e .  Based on the co a ls  in v e s t ig a te d ,  
th e  re q u ire m e n t fo r  a c c lim a tio n  o f  m icroorganism s should be e xp ec ted .
PHASE V RESULTS
The purpose o f  th is  phase was to  i d e n t i f y  th e  typ e  and e x te n t  o f  th e  o r­
g a n ic  m a te r ia ls  p re s e n t in  th e  s lu r r y  w a s te w a te r. T h is  phase was in c lu d e d  in  
th e  re s e a rc h  program  because o f the c u r re n t  concern w ith  re s p e c t to  the  p res­
ence o f  tra c e  o rg a n ic  compounds in  some m u n ic ip a l w a te r  s u p p lie s  and in  c e r­
t a in  m u n ic ip a l and in d u s t r ia l  w a s te w a te rs . Because o f  th is  co n cern , i t  was 
deemed a p p ro p r ia te  to  examine w as tew ater w hich would r e s u l t  from  the  s lu r r y  
p ip e l in in g  o f  c o a l to  d e te rm in e  i f  t ra c e  o rg a n ic s  o f  concern w ere p re s e n t.
S e v e ra l approaches w ere used w ith  re s p e c t to  th is  o b je c t iv e .  These in ­
c lu d ed  gas chrom atograph-m ass s p ec tro m e te r s tu d ie s  o f th e  w astew ater fo r  the  
p r i o r i t y  p o l lu ta n ts  and gas chrom atograph ic  an a lyses  o f th e  s lu r r y  w astew ater  
fo r  a ro m a tic  hydrocarbons such as phenols and c r e s o ls .  A l l  te s ts  e x h ib ite d  
n e g a t iv e  r e s u lts  w ith  re s p e c t to  the o rg a n ic  p r i o r i t y  p o l lu ta n ts  and w ith  re ­
sp ec t to  the  presence o f  a ro m a tic  h yd ro carb o n s . C o n seq u en tly , concerns w ith  
re s p e c t to  tra c e  o rg a n ics  should  n o t ap p ly  to  s lu r r y  w a s te w a te rs .
PHASE V I RESULTS
The presence o f s ig n i f ic a n t  c o n c e n tra tio n s  o f b io c h e m ic a l and chem ical 
oxygen demands in  the  s lu r r y  w astew aters  r e s u l t in g  from  th e  m ix in g  o f  W estern  
c o a l and w a te r caused some concern as to  the n a tu re  o f these  m a te r ia ls .  As 
in d ic a te d  in  the  PHASE V RESULTS s e c t io n , i t  was deemed a p p ro p r ia te  to  examine
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the s lu r r y  w astew aters  fo r  the  p r i o r i t y  p o llu ta n ts  to  dete rm in e  the  presence  
or absence o f any o f these m a te r ia ls .  Gas chrom atographic  -  mass sp ectro m eter  
s tu d ie s  were used in  these e v a lu a t io n s . None o f the p r i o r i t y  p o llu ta n ts  were  
found . C o n sequen tly , s in ce  the  o rg a n ic  c o n te n t o f  the s lu r r y  w astew ater can 
be reduced by e i t h e r  b io lo g ic a l  tre a tm e n t or by a c t iv a te d  carb o n , o n ly  the  
u su a l s ig n if ic a n c e  should be a tta c h e d  to  th e  o rg a n ic  c o n te n t o f  the  s lu r r y  
w a s te w a te r. T h a t i s ,  assessment o f  the need fo r  re d u c tio n  o f the b io c h em ic a l 
oxygen demand and chem ical oxygen demand c o n c e n tra tio n s  needs to  be conducted  
u s in g  s p e c if ic  c o a l and w a te r sources and d e te n tio n  tim es o f  the c o a l s lu r r y  
in  th e  p ip e l in e  fo r  each p ip e l in e  p r o je c t .  Such tre a tm e n t may or may no t be 
re q u ire d  depending on th e  s p e c if ic  c ircu m stan ces .
PHASE V I I  RESULTS
The purpose o f th is  phase o f the in v e s t ig a t io n  was to  d e te rm in e  the  
tre a tm e n t measures s u ita b le  fo r  rem oval o f  any o rg a n ic  p r i o r i t y  p o llu ta n ts  
p re se n t in  the s lu r r y  w a s te w a te r, should any be found. Of s p e c if ic  in t e r e s t  
was the  a b i l i t y  o f a c t iv a te d  carbon columns to  reduce the c o n c e n tra tio n s  o f  
any o rg a n ic  p r i o r i t y  p o llu ta n ts  to  the  re q u ire d  le v e l ,  g iv e n  th e  n a tu re  o f  the  
c o a l s lu r r y  w as te w a te r. Load ing  ra te s  and o th e r  des ign  d a ta  s u ita b le  fo r  c o a l 
s lu r r y  w astew ater were a ls o  o f in t e r e s t .  However, s in ce  none o f the  o rg a n ic  
p r i o r i t y  p o llu ta n ts  were found , these tre a tm e n t s tu d ie s  were n e ith e r  re q u ire d  
or a p p lic a b le .
PHASE V I I I  RESULTS
The purpose o f th is  phase o f the in v e s t ig a t io n  was to  deve lop  a procedure  
whereby the chem ical param eter c o n c e n tra tio n s  could be p re d ic te d  fo r  a g iven
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c o a l source and w ater q u a l i t y .  The m ajor th ru s t  used in  the  in v e s t ig a t io n  was 
to  s t a t i s t i c a l l y  examine s lu r r y  w astew ater q u a l i t y  d ata  to  d e te rm in e  the  r e la ­
t io n s h ip  between param eter c o n c e n tra tio n s  and d e te n tio n  t im e , and to  d e te rm in e  
the  r e la t io n s h ip  between param eter c o n c e n tra tio n s  and th e  o th e r  v a r ia b le s  as a 
fu n c t io n  o f  d e te n tio n  tim e . V a r ia b le s  used in c lu d e  c o a l so u rce , in f lu e n t  
w a te r q u a l i t y ,  m ix in g  speed, type  o f  environm ent (a e r o b ic ,  a n a e ro b ic , sequen­
t i a l  a e ro b ic -a n a e ro b ic )  and s o lid s  c o n c e n tra t io n . L in e a r  and m u lt ip le  re g re s ­
s io n  an a lyses  were used in  the s t a t i s t i c a l  a n a ly s e s .
S in ce  the c o a l s lu r r y  pumped in to  the  p ip e l in e  w i l l  i n i t i a l l y  be a e ro b ic  
because o f the d is s o lv e d  oxygen c o n ta in e d  in  th e  c o a l-w a te r  m ix tu re , s lu r r y  
w astew ater q u a l i t y  d a ta  developed  in  an a e ro b ic  environm ent were used to  de­
v e lo p  the  i n i t i a l  ten d en c ies  or tre n d s . A f t e r  an in t e r v a l  o f  t im e , th e  d is ­
so lved  oxygen in  the s lu r r y  w i l l  be d e p le te d  and an an aero b ic  environm ent w i l l  
e x is t .  C o n seq u en tly , s e q u e n tia l a e ro b ic -a n a e ro b ic  environm ent p lo ts  w ere de­
v e lo p e d .
The param eter c o n c e n tra tio n s  in  s lu r r y  w astew aters  a re  u s u a lly  a fu n c t io n  
o f the  type o f environm ent to  which the  s lu r r y  is  exposed d u rin g  m ix in g . For  
a l im it e d  number o f p aram eters  the  c o n c e n tra tio n s  a re  r e la t i v e l y  independent 
o f  th e  type  o f environm ent used. These w i l l  be id e n t i f i e d  in  subsequent sec­
t io n s  .
A l k a l i n i t y
A l l  o f  the l in e a r  re g re s s io n  an a lyses  conducted on a l k a l i n i t y  d a ta  re p re ­
s e n tin g  s lu r r y  w astew aters  p repared  w ith  W estern co a ls  under a e ro b ic  e n v iro n ­
ments showed a g e n e ra l decrease in  a l k a l i n i t y  as a fu n c t io n  o f d e te n tio n  t im e .
-  106 -
The a lk a l in i t y  c o n c e n tra tio n s  were c le a r ly  a fu n c t io n  o f w a te r source and c o a l 
source . F ig u re  67 shows the  r e s u lts  as a fu n c t io n  o f d e te n t io n  tim e fo r  
s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w ater and m u n ic ip a l w astew ater  
tre a tm e n t p la n t  e f f lu e n t  u s in g  Wyodak c o a l .  The mean c o n c e n tra tio n s  were 40 
and 14 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters  e x tra c te d  
from  s lu r r ie s  p repared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f f lu e n t .  The 
slopes o f th e  curves were -1 5  and -1 1  m illig ra m s  per l i t e r  per day fo r  the  
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F ig u re  67: Comparison O f T o ta l  A l k a l i n i t y  C o n c e n tra tio n s  In  S lu r ry  
W astew aters P repared  W ith  D i s t i l l e d  W ater And 
M u n ic ip a l E f f lu e n t  U sing  Wyodak Coal 
A t 50 P e rc e n t S o lid s  In  An 
A ero b ic  E n v iro n m en t.
A s im i la r  com parison o f t o t a l  a l k a l i n i t y  c o n c e n tra tio n s  as a fu n c t io n  o f  
d e te n tio n  tim e is  shown on F ig u re  6 8 . These d a ta  re p re s e n t s lu r r y  w astew aters  
prepared  w ith  South B e l A ir  c o a l.  As in d ic a te d  by th e  f ig u r e ,  a lth o u g h  the  
tendency fo r  d e creas in g  c o n c e n tra tio n s  as a fu n c t io n  o f d e te n tio n  tim e was e v -
-  107 -
id e n t ,  the ra te s  o f decrease were c le a r ly  d i f f e r e n t .  The s lopes o f the curves  
were - 8 .8  and -5 1  m illig ra m s  per l i t e r  per day fo r  s lu r r y  w astew aters  re p re ­
s e n tin g  the  d i s t i l l e d  w a te r  and m u n ic ip a l e f f lu e n t  s lu r r ie s ,  r e s p e c t iv e ly .  
The mean c o n c e n tra tio n s  were 65 and 72 m illig ra m s  per l i t e r  fo r  s lu r r y  w as te - 
w aters  e x tra c te d  from s lu r r ie s  p rep ared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l 
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F ig u re  68: Comparison Of T o ta l  A l k a l i n i t y  C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater And 
M u n ic ip a l E f f lu e n t  U sing  South B e l A ir  
A t 50 P erc e n t S o lid s  In  An 
A e ro b ic  E n v iro n m en t.
F ig u re  69 shows a com parison o f the l in e a r  re g re s s io n  an a lyses  on a lk a ­
l i n i t y  d a ta  fo r  s lu r r y  w astew aters  p rep ared  w ith  Wyodak c o a l u s in g  40 and 50 
p e rc e n t s o lid s  s lu r r ie s .  As shown by the f ig u r e ,  the  t o t a l  a l k a l i n i t y  concen­
t r a t io n s  were c le a r ly  a fu n c t io n  o f the s o lid s  c o n c e n tra tio n  used in  p re p a rin g  
th e  s lu r r y  w a s te w a te rs . The l in e a r  re g re s s io n  an a lyses  a ls o  in d ic a te d  de­
c re a s in g  a l k a l i n i t y  c o n c e n tra tio n s  w ith  in c re a s in g  d e te n tio n  t im e . The mean
-  108 -
c o n c e n tra tio n s  were 43 and 65 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r ie s  
prepared  w ith  40 and 50 p e rce n t s o lid s  c o n c e n tra t io n s . The s lo pes o f the  
curves were -1 4  and 8 .8  m illig ra m s  per l i t e r  per day fo r  s lu r r y  w astew aters  
prepared  w ith  d i s t i l l e d  w a te r and Wyodak c o a l a t  40 and 50 p e rc e n t s o lid s  con­
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F ig u re  69: Comparison O f T o ta l  A lk a l i n i t y  C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater U sing  
Wyodak Coal A t 40 and 50 P e rc e n t S o lid s  
In  An A ero b ic  E n viro n m en t.
The e f fe c ts  o f  the  environm ent used on th e  a l k a l i n i t y  c o n c e n tra tio n s  in  
s lu r r y  w astew aters  p rep ared  w ith  C ordero c o a l and d i s t i l l e d  w a te r in  a e ro b ic  
and an aero b ic  environm ents a re  shown on F ig u re  7 0 . As shown by the f ig u r e ,  
the  a l k a l i n i t y  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  from  s lu r r ie s  
m ixed in  an an aero b ic  environm ent e x h ib ite d  a tendency to  in c re a s e  whereas 
those re p re s e n tin g  s lu r r ie s  m ixed in  an a e ro b ic  environm ent d ecreased . The 
slopes o f the curves were - 7 . 8  and 1 .5  m illig ra m s  per l i t e r  per day fo r  s lu r r y
-  109 -
w astew aters  e x tra c te d  from  s lu r r ie s  m ixed in  a e ro b ic  and an aero b ic  
en v iro n m en ts , r e s p e c t iv e ly .  The mean c o n c e n tra tio n s  were 34 and 140 m i l l i ­
grams per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters  re p re s e n tin g  th e  a e ro b ic  
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F ig u re  70: Comparison Of T o ta l  A l k a l i n i t y  C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater U sing  
C ordero Coal A t 40 P e rc e n t S o lid s  In  
A e ro b ic  And A naerob ic  
E n v iro n m en ts .
The a l k a l i n i t y  d a ta  re p re s e n tin g  s lu r r y  w astew aters  p rep ared  w ith  the  
Kansas c o a l showed a s l ig h t  tendency to  decrease as a fu n c t io n  o f d e te n tio n  
t im e . However, the  l in e a r  re g re s s io n  an a lyses  o f th e  a l k a l i n i t y  d a ta  d id  not 
e x h ib i t  any c le a r  tre n d s . The a l k a l i n i t y  c o n c e n tra tio n s  in  the  s lu r r y  w a s te -  
w aters  p repared  w ith  the I l l i n o i s  c o a l w ere v e ry  low and may have r e f le c t e d  
th e  in f lu e n c e  o f o th e r b u ffe rs  in  a d d it io n  to  the  c a rb o n a te -b ic a rb o n a te -h y ­
d ro x id e  r e la t io n s h ip s .
- no -
F ig u re  71 shows the  combined curve re s p re s e n tin g  a e ro b ic  and an aero b ic  
d ata  fo r  s lu r r y  w astew aters  p rep ared  w ith  Cordero c o a l and d i s t i l l e d  w ater a t  
40 p e rce n t s o l id s .  A tw o-day  a e ro b ic  m ix in g  p e r io d  was used to  d eve lo p  the  
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F ig u re  71: C om bination  Of A ero b ic  And A n aero b ic  Curves R e p re s e n tin g  T o ta l  
A l k a l i n i t y  C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  Time  
For S lu r ry  W astew aters P rep ared  W ith  D i s t i l l e d  W ater 
And Cordero C oal A t 40 P e rc e n t S o lid s .
In  a l l  s lu r r ie s  p rep ared  w ith  b o th  E a s te rn  and W estern c o a ls  th e  t o t a l  
a l k a l i n i t y  c o n c e n tra tio n s  were low . D e s p ite  the  low a l k a l i n i t y  co n cen tra ­
t io n s ,  the  pH v a lu e s  o f the s lu r r ie s  were a l l  w e l l  w i th in  th e  a c c e p ta b le  
ra n g e . C onsequen tly , un less  unusual c ircum stances  e x is t ,  a l k a l i n i t y  is  not 
expected to  be an im p o rta n t fa c to r  in  s lu r r y  w astew ater p ro cess in g  and d is ­
p o s a l.
-  111 -
Aluminum
The aluminum c o n c e n tra tio n s  in  th e  s lu r r y  w astew aters  p rep ared  w ith  the  
W estern co a ls  in  a e ro b ic  environm ents a l l  showed a tendency to  in c re a s e  w ith  
in c re a s in g  d e te n tio n  tim e . The c o n c e n tra tio n s  in  the  s lu r r y  w astew aters  were  
a l l  low . A lthough the r a te  o f  in c re a s e s  would be s ig n i f ic a n t  from  a t h e o r e t i ­
c a l  p o in t  o f  v ie w , th e  aluminum d a ta  in d ic a te  th a t  the p aram eter is  not s ig ­
n i f i c a n t  from  a p r a c t ic a l  v ie w p o in t fo r  most a p p l ic a t io n s .  Thus, the i n i t a l  
c o n c e n tra tio n s  were g e n e ra lly  r e p r e s e n ta t iv e  o f the c o n c e n tra tio n s  measured 
th ro u g h o u t the  s ix ty -h o u r  m ix in g  p e r io d . F ig u re  72 can be used to  i l l u s t r a t e  
th is  p o in t .  The aluminum c o n c e n tra tio n s  fo r  th e  s lu r r y  w astew aters  p rep ared  
w ith  d i s t i l l e d  w a te r and Wyodak c o a l in c re a s e d  a t  a r a te  o f  0 .0 4  m illig ra m s  
per l i t e r  per day based on the  r e s u lts  o f  the  l in e a r  re g re s s io n  a n a ly s is .  The 
aluminum c o n c e n tra tio n s  in  the  s lu r r y  w astew aters  p rep ared  w ith  the  m u n ic ip a l 
w astew ater tre a tm e n t p la n t  e f f lu e n t  and Wyodak c o a l in c re a s e d  a t  a r a te  o f  
0 .0 2  m illig ra m s  per l i t e r  per day.
S im ila r  r e s u lts  were o b ta in e d  w ith  s lu r r y  w astew aters  p rep ared  w ith  d is ­
t i l l e d  w a te r and m u n ic ip a l e f f lu e n t  u s in g  South B e l A ir  c o a l a t  50 p e rce n t 
s o lid s  in  an a e ro b ic  e n v iro n m e n t. The ra te s  o f in c re a s e  in  aluminum concen­
t r a t io n s  were 0 .0 4  and 0 .0 2  m illig ra m s  per l i t e r  per day, r e s p e c t iv e ly ,  fo r  
s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f f lu e n t .  F ig ­
u re  73 is  a g ra p h ic a l i l l u s t r a t i o n  o f  these r e s u l t s .
F ig u re  74 shows th e  e f f e c t  o f  s o lid s  c o n c e n tra tio n  on aluminum co n cen tra ­
t io n s  in  s lu r r y  w astew aters  p rep ared  u s in g  40 and 50 p e rc e n t s o lid s  s lu r r ie s .  
As e xp ec ted , the 50 p e rce n t s o lid s  s lu r r ie s  y ie ld e d  h ig h e r aluminum co n cen tra ­
tio n s  than the  40 p e rce n t s o lid s  s lu r r ie s .
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F ig u re  72: Comparison O f Aluminum C o n c e n tra tio n s  In  S lu r r y  W astew aters  
W astew aters  P rep ared  W ith  D i s t i l l e d  W ater And M u n ic ip a l  
E f f lu e n t  U s in g  Wyodak C oal A t 50 P e rc e n t  
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F ig u re  73: Comparison O f Aluminum C o n c e n tra tio n s  In  S lu r r y  W astew aters
P rep ared  W ith  D i s t i l l e d  W ater U sing  South B e l A ir  
C oal A t 50 P e rc e n t S o lid s  In  An 
A e ro b ic  E n v iro n m en t.
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F ig u re  74: Comparison O f Aluminum C o n c e n tra tio n s  In  S lu r ry  W astew aters
W astew aters  P rep ared  W ith  D i s t i l l e d  W ater U sing  
Wyodak C oal A t 40 and 50 P erc e n t S o lid s  
In  An A e ro b ic  E n viro n m en t.
As in d ic a te d  by the  d a ta , v e ry  low aluminum c o n c e n tra tio n s  were measured  
in  s lu r r y  w astew aters  p repared  w ith  the  W estern c o a ls . Aluminum co n cen tra ­
t io n s  in  s lu r r y  w astew aters  p re p are d  w ith  th e  E a s te rn  co a ls  were a l l  be­
low th e  d e te c ta b le  l im i t s  o f  the te s t  p rocedu re  used. A lth o u g h  s u b s ta n t ia l  
q u a n t i t ie s  o f aluminum a re  p re s e n t in  c o a l,  o n ly  a v e ry  sm all f r a c t io n  o f the  
aluminum is  leach ed  from  th e  c o a l in to  th e  aqueous phase o f the  c o a l-w a te r  
m ix tu re .
C a lc ium  Hardness
F ig u re  75 shows a com parison o f  the  r e s u lts  o f  the  l in e a r  re g re s s io n  ana­
ly s e s  conducted on ca lc iu m  hardness d a ta  fo r  s lu r r y  w astew aters  p rep ared  w ith  
d i s t i l l e d  w a te r and m u n ic ip a l e f f l u e n t .  Wyodak c o a l was used to  form the  
s lu r r y .  As shown by the  f ig u r e ,  the  ra te s  o f change in  c o n c e n tra tio n s  were
-  114 -
s u b s t a n t ia l ly  d i f f e r e n t  fo r  the  two w a te r so u rces . The in c re a s e  in  c o n ce n tra ­
t io n  in  the  s lu r r y  w astew ater p rep ared  w ith  th e  d i s t i l l e d  w a te r  was 2 .1  m i l l i ­
grams per l i t e r  per day. C o n v e rs e ly , th e  c a lc iu m  hardness decreased a t  a r a te  
o f 37 m illig ra m s  per l i t e r  per day in  the s lu r r y  w astew aters  p rep ared  w ith  the  
m u n ic ip a l w a s te w a te r . The mean c o n c e n tra tio n s  were 170 and 230 m illig ra m s  per  
l i t e r ,  r e s p e c t iv e ly ,  fo r  the  s lu r r y  w astew aters  re p re s e n tin g  the d i s t i l l e d  
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F ig u re  75: Comparison O f C alcium  Hardness C o n c e n tra tio n s  In  S lu r ry
W astew aters  P rep ared  W ith  D i s t i l l e d  W ater And 
M u n ic ip a l E f f lu e n t  U sing  Wyodak Coal 
A t 50 P e rc e n t S o lid s  In  An 
A e ro b ic  E n viro n m en t.
A s im i la r  com parison w ith  South B e l A ir  c o a l is  shown on F ig u re  7 6 . For  
the  South B e l A ir  c o a l,  th e  ca lc iu m  hardness curves d iv e rg e d  w ith  in c re a s in g  
d e te n t io n  tim e r a th e r  than co n verg in g  as in d ic a te d  fo r  the  Wyodak c o a l d a ta .  
The ra te s  o f change in  c o n c e n tra tio n s  were -1 9  and 54 m illig ra m s  per l i t e r  per 
day, r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters  p rep ared  from s lu r r ie s  formed w ith  
d i s t i l l e d  w a te r  and m u n ic ip a l e f f lu e n t .
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F ig u re  76: Comparison O f C alcium  Hardness C o n c e n tra tio n s  In  S lu r ry
W astew aters  P rep ared  W ith  D i s t i l l e d  W ater And 
M u n ic ip a l E f f lu e n t  U sing  South B e l A ir  
C oal A t 50 P e rc e n t S o lid s  In  An 
A e ro b ic  E n viro n m en t.
F ig u re  77 shows the  r e s u lts  o f the l in e a r  re g re s s io n  an a lyses  conducted  
on th e  ca lc iu m  hardness d a ta  developed  from  s lu r r y  w astew aters  p rep ared  w ith  
s lu r r ie s  formed w ith  40 and 50 p e rc e n t s o lid s  c o n c e n tra t io n s . The mean con­
c e n tra t io n s  w ere 120 and 170 m illig ra m s  per l i t e r  fo r  s lu r r y  w astew aters  p re ­
pared  w ith  40 and 50 p e rc e n t s o lid s  s lu r r i e s ,  r e s p e c t iv e ly .  The slopes o f the  
curves were -1 1  and 2 .1  m illig ra m s  p er l i t e r  per day, r e s p e c t iv e ly ,  fo r  s lu r ­
r ie s  formed w ith  40 and 50 p e rc e n t s o l id s .
As shown by F ig u re  7 8 , th e  c a lc iu m  hardness c o n c e n tra tio n s  in  s lu r r ie s  
m ixed in  an an ae ro b ic  environm ent were s ig n i f ic a n t ly  g re a te r  than in  s lu r r ie s  
m ixed in  an a e ro b ic  en v iro n m e n t. The mean c o n c e n tra tio n s  were 150 and 240 
m illig ra m s  per l i t e r .  The s lopes o f the  curves w ere -1 4  and - 6 . 5  m illig ra m s  
per l i t e r  per day, r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters  re p re s e n tin g  the  aero ­
b ic  and an ae ro b ic  s lu r r i e s .  C ordero c o a l was used to  deve lop  these  d a ta .
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F ig u re  77: Comparison O f C alc ium  Hardness C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater U sing  
Wyodak C oal A t 40 And 50 P e rc e n t S o lid s  
In  An A e ro b ic  E n v iro n m en t.
F ig u re  79 shows the co m b in atio n  o f the a e ro b ic  and a n ae ro b ic  curves fo r  
the  Cordero c o a l. A tw o -d ay  a e ro b ic  m ix in g  p e r io d  was used.
Chem ical Oxygen Demand
F ig u re  80 shows a com parison o f the  r e s u lts  o f the l in e a r  re g re s s io n  ana­
lys e s  conducted on chem ical oxygen demand d a ta  from  s lu r r y  w astew aters  p re ­
pared w ith  the Wyodak c o a l.  As shown by th e  f ig u r e ,  the  chem ical oxygen de­
mand in  the  s lu r r y  w astew aters  p rep ared  w ith  the  m u n ic ip a l e f f lu e n t  decreased  
r a p id ly  r e la t i v e  to  the  chem ical oxygen demand in  s lu r r y  w astew aters  p rep ared  
w ith  d i s t i l l e d  w a te r . The ra te s  o f change in  c o n c e n tra tio n s  were - 4 . 8  and 97 
m illig ra m s  per l i t e r  per day, r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters  p rep ared  
w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f f lu e n t .  The mean c o n c e n tra t io n  w ere 160
m illig ra m s  per l i t e r  fo r  th e  d i s t i l l e d  w a te r s lu r r ie s  and 230 mil l igram s per 
l i t e r  fo r  the  m u n ic ip a l e f f lu e n t  s lu r r ie s .
-  117 -
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F ig u re  78: Comparison O f C alcium  Hardness C o n c e n tra tio n s  In  S lu r ry  
W astew aters P repared  W ith  D i s t i l l e d  W ater U sing  
C ordero C oal A t 40 P e rc e n t S o lid s  In  A ero b ic  
And A n aero b ic  E nvironm ents .
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F ig u re  79: C om bination Of A ero b ic  And A naerob ic  Curves R e p re se n tin g  C alcium  
Hardness C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  Time 
For S lu r ry  W astew aters P repared  W ith  D i s t i l l e d  
W ater And Cordero C oal A t 40 
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F ig u re  80: Comparison O f Chem ical Oxygen Demand C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater And M u n ic ip a l  
E f f lu e n t  U sing  Wyodak Coal A t 50 P e rc e n t  
S o lid s  In  An A ero b ic  E n viro n m en t.
A s im i la r  com parison o f the  r e s u lts  o f  the  l in e a r  re g re s s io n  an a lyses  on 
chem ical oxygen demand d a ta  from  s lu r r y  w astew aters  p rep ared  w ith  South B e l 
A ir  c o a l is  shown on F ig u re  8 1 . The mean c o n c e n tra tio n s  w ere 74 and 120 m i l ­
lig ram s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r y  w astew aters  p repared  w ith  d is ­
t i l l e d  w a te r and m u n ic ip a l e f f lu e n t .  The ra te s  o f change in  c o n c e n tra tio n s  
were -3 7  and -3 0  m illig ra m s  p er l i t e r  per day fo r  s lu r r y  w astew aters  p rep ared  
w ith  s lu r r ie s  formed w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f f lu e n t ,  resp ec­
t i v e l y .
The mean c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  
w a te r and Wyodak c o a l a t  40 and 50 p e rc e n t s o lid s  w ere 110 and 160 m illig ra m s  
per l i t e r ,  r e s p e c t iv e ly .  The ra te s  o f change in  c o n c e n tra t io n  were -2 3  and 
- 4 . 8  m illig ra m s  per l i t e r  per day fo r  the  40 and 50 p e rc e n t s o lid s  s lu r r ie s ,  
r e s p e c t iv e ly .  F ig u re  82 shows a g ra p h ic a l com parison o f the r e s u lts  o f  the  
l in e a r  re g re s s io n  an alyses  fo r  th e  40 and 50 p e rce n t s o lid s  s lu r r ie s .
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F ig u re  81: Comparison O f Chem ical Oxygen Demand C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater And M u n ic ip a l  
E f f lu e n t  U sing  South B e l A ir  Coal A t 50 P erc e n t 
S o lid s  In  An A e ro b ic  E n v iro n m en t.
F ig u re  83 p ro v id es  a com parison o f the  r e s u lts  o f t h e  l in e a r  re g re s s io n  
analyses  conducted on chem ical oxygen demand d a ta  developed from s lu r r y  w a s te -  
w ate rs  p repared  from  s lu r r ie s  m ixed in  a e ro b ic  and an ae ro b ic  en viro n m en ts . 
The mean c o n c e n tra tio n s  were 85 and 160 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  
fo r  s lu r r ie s  m ixed in  a e ro b ic  and an ae ro b ic  en v iro n m en ts . The ra te s  o f change 
in  c o n c e n tra tio n  fo r  the s lu r r y  w astew aters  re p re s e n tin g  the  a e ro b ic  and anae­
ro b ic  s lu r r ie s  were -1 2  and - 5 . 2  m illig ra m s  per l i t e r  per day, r e s p e c t iv e ly .  
Cordero c o a l was used fo r  fo rm in g  the  s lu r r ie s .
F ig u re  84 shows the  com b in atio n  o f  the  a e ro b ic  and an ae ro b ic  curves w ith  
a tw o-day a e ro b ic  m ix in g  p e r io d . As shown by the  f ig u r e ,  th e  chem ical oxygen 
demand c o n c e n tra tio n s  would be expected  to  decrease a t  a s lo w er r a te  once the  
f r e e  d is s o lv e d  oxygen in  the  s lu r r y  becomes d e p le te d .
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F ig u re  82: Comparison O f Chem ical Oxygen Demand C o n c e n tra tio n s  In  S lu r ry  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater U s ing  Wyodak 
C oal A t 40 And 50 P e rc e n t S o lid s  In  
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F ig u re  83: Comparison Of Chem ical Oxygen Demand C o n c e n tra tio n s  In  S lu r r y  
W astew aters P rep ared  W ith  D i s t i l l e d  W ater U sing  Cordero  
C oal A t 40 P e rc e n t S o lid s  In  A e ro b ic  And 
A n aero b ic  E n v iro n m en ts .
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F ig u re  84: C om bination  Of A ero b ic  And A naerob ic  Curves R e p re se n tin g  
C hem ical Oxygen Demand C o n c e n tra tio n s  As A F u n c tio n  
O f D e te n tio n  Time For S lu r ry  W astew aters  
P repared  W ith  D i s t i l l e d  W ater And 
C ordero Coal A t 40 P erc e n t 
S o lid s .
C h lo r id e
The r e s u lts  o f  the l in e a r  re g re s s io n  an alyses  on c h lo r id e  d a ta  o b ta in e d  
from  s lu r r y  w astew aters  p rep ared  w ith  the  Wyodak and South B e l A ir  coals  in  an 
a e ro b ic  environm ent in d ic a te d  a tendency fo r  in c re a s in g  c o n c e n tra tio n s  as a 
fu n c t io n  o f d e te n tio n  tim e . However, these  in c re a se s  were nom inal in  a l l  
cases. Thus, fo r  p r a c t ic a l  purposes, the  i n i t i a l  c o n c e n tra tio n s  can be taken  
to  be re p r e s e n ta t iv e  o f those measured th rough out the  s ix ty -h o u r  a e ro b ic  m ix­
in g  p e r io d .
F ig u re  85 shows a com parison o f the r e s u lts  o f  the l in e a r  re g re s s io n  ana­
lys e s  on c h lo r id e  d a ta  in  s lu r r y  w astew aters  p repared  w ith  d i s t i l l e d  w ater and 
m u n ic ip a l e f f lu e n t  u s in g  Wyodak c o a l a t  50 p e rce n t s o lid s  in  an a e ro b ic  e n v i­
ronm ent. The mean c o n c e n tra tio n s  were 11 and 51 m illig ra m s  per l i t e r ,  resp ec­
t i v e l y ,  fo r  s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f -
-  122  -
f lu e n t .  The ra te s  o f change in  c o n c e n tra tio n  w ere 0 .9 3  and 0 .3 1  m illig ra m s  
per l i t e r  per day fo r  s lu r r y  w astew aters  p repared  w ith  d i s t i l l e d  w ater and mu­
n ic ip a l  e f f lu e n t ,  r e s p e c t iv e ly .
A s im i la r  com parison o f the r e s u lts  o f the l in e a r  re g re s s io n  analyses  
perform ed on c h lo r id e  d a ta  o b ta in e d  from s lu r r y  w astew aters  p rep ared  w ith  d is ­
t i l l e d  w a te r and m u n ic ip a l e f f lu e n t  u s in g  South B e l A ir  c o a l a t  50 p e rce n t 
s o lid s  in  an a e ro b ic  environm ent is  shown on F ig u re  8 6 . The ra te s  o f in c re a s e  
in  c o n c e n tra tio n  were 0 .7 7  and 0 .7 3  m illig ra m s  per l i t e r  per day, resp ec­
t i v e l y ,  fo r  s lu r r y  w astew aters  p repared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f ­
f lu e n t .  The mean c o n c e n tra tio n s  were 6 .1  and 47 m illig ra m s  per l i t e r ,  resp ec­
t i v e l y ,  fo r  s lu r r ie s  p repared  w ith  d i s t i l l e d  w ater and m u n ic ip a l e f f lu e n t .  
These d a ta  c le a r ly  in d ic a te d  th a t  c h lo r id e  c o n c e n tra tio n s  in  s lu r r y  wastewa­
te rs  prepared  w ith  W estern c o a l were a fu n c t io n  o f  the in f lu e n t  w a te r q u a l i t y .
The c h lo r id e  c o n c e n tra tio n s  in  s lu r r y  w astew aters  were a fu n c t io n  o f  the  
s o lid s  c o n c e n tra tio n s  used in  p re p a rin g  th e  s lu r r ie s ,  as shown on F ig u re  8 7 . 
The mean c o n c e n tra tio n s  were 7 .8  and 11 m illig ra m s  per l i t e r  r e s p e c t iv e ly ,  fo r  
s lu r r y  w astew aters  p rep ared  w ith  th e  40 and 50 p e rce n t s o lid s  s lu r r ie s .  The 
ra te s  o f in c re a s e  in  c o n c e n tra tio n s  were 0 .1 0  and 0 .9 3  per day fo r  th e  40 and 
50 p e rcen t s o lid s  s lu r r ie s ,  r e s p e c t iv e ly .
M u l t ip le  re g re s s io n  analyses o f the c h lo r id e  d a ta  o b ta in e d  from  s lu r r y  
w astew aters  p repared  w ith  d i s t i l l e d  w a te r and I l l i n o i s  co a l a ls o  in d ic a te d  the  
tendency fo r  in c re a s in g  c o n c e n tra tio n s  w ith  in c re a s in g  d e te n tio n  tim e . These  
c o n c e n tra tio n s  were v e ry  la rg e  compared w ith  the  c h lo r id e  d a ta  o b ta in e d  from  
s lu r r y  w astew aters  p repared  w ith  W estern c o a ls . The ra te s  o f in c re a s e  in  con­
c e n tra t io n  were a ls o  r e la t i v e l y  la rg e  compared w ith  s im i la r  d a ta  fo r  W estern  
c o a l .
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F ig u re  85: Comparison O f C h lo r id e  C o n c e n tra tio n s  In  S lu r r y  W astew aters  
P rep ared  W ith  D i s t i l l e d  W ater And M u n ic ip a l E f f lu e n t  
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F ig u re  86: Comparison O f C h lo r id e  C o n c e n tra tio n s  In  S lu r r y  W astew aters  
P repared  W ith  D i s t i l l e d  W ater And M u n ic ip a l E f f lu e n t  
U sin g  South B e l A ir  C oal A t 50 P e rc e n t S o lid s  
In  An A ero b ic  E n viro n m en t.
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F ig u re  87: Comparison O f C h lo r id e  C o n c e n tra tio n s  In  S lu r ry  W astew aters
P rep ared  W ith  D i s t i l l e d  W ater U sing  Wyodak C oal A t 
40 And 50 P e rc e n t S o lid s  In  An 
A ero b ic  E nvironm ent.
F ig u re  88 shows the  r e s u lts  o f  the co m b in atio n  o f the  a e ro b ic  and anaero­
b ic  curves fo r  c h lo r id e  d a ta  o b ta in e d  w ith  Cordero c o a l.  T h is  f ig u r e  in d i ­
ca tes  th a t  the c h lo r id e  c o n c e n tra tio n s  were in  the same g e n e ra l range re g a rd ­
less  o f the type o f environm ent used.
Lead
The le a d  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  w ith  th e  W estern  
c o a ls  were a l l  less  than 1 m il l ig r a m  p er l i t e r .  How ever, s in ce  s u rfa c e  w a te r  
q u a l i t y  standards f re q u e n t ly  c o n ta in  v e ry  low l im i t s  on the d is ch a rg e  o f le a d  
in to  s u rfa c e  w a te rs , le a d  may be a s ig n i f ic a n t  w a te r q u a l i t y  param eter in  the  
s lu r r y  w a s te w a te rs . In  g e n e ra l, the  le a d  c o n c e n tra tio n s  rem ained r e la t i v e l y  
c o n s tan t th rough out the s ix ty -h o u r  a e ro b ic  m ix in g  p e r io d . For some c ircum ­
s ta n c e s , the  l in e a r  re g re s s io n  an a lyses  in d ic a te d  no change in  le a d  c o n c e n tra -
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F ig u re  88: Com bination Of A ero b ic  And A n aero b ic  Curves R e p re s e n tin g  
C h lo r id e  C o n c e n tra tio n s  As A F u n c tio n  Of D e te n tio n  
Time For S lu r r y  W astew aters P repared  W ith  
D i s t i l l e d  W ater And Cordero Coal 
A t 40 P e rc e n t S o lid s .
t io n  as a fu n c t io n  o f d e te n t io n  tim e . The l in e a r  re g re s s io n  analyses  
in d ic a te d  d e creas in g  le a d  c o n c e n tra tio n s  w ith  in c re a s in g  d e te n tio n  tim e in  
o th e r  c irc u m s ta n ce s . How ever, th e  ra te s  o f change in  c o n c e n tra tio n s  were  
sm all in  a l l  cases.
F ig u re  89 shows the r e s u lts  o f the  l in e a r  re g re s s io n  an alyses  conducted  
on d a ta  o b ta in e d  from s lu r r y  w astew aters  p repared  w ith  d i s t i l l e d  w a te r and mu­
n ic ip a l  e f f lu e n t  u s in g  Wyodak c o a l a t  50 p e rce n t s o lid s  in  an a e ro b ic  e n v iro n ­
m ent. The l in e a r  re g re s s io n  an alyses  in d ic a te d  no change in  le a d  co n cen tra ­
t io n s  as a fu n c t io n  o f d e te n tio n  tim e . The average c o n c e n tra tio n s  were 0 .2 9  
and 0 .1 3  m illig ra m s  per l i t e r  fo r  s lu r r y  w astew aters  p repared  w ith  d i s t i l l e d  
w a te r  and m u n ic ip a l e f f lu e n t ,  r e s p e c t iv e ly .
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F ig u re  89: Comparison Of Lead C o n c e n tra tio n s  In  S lu r ry  W astew aters  P re ­
pared  W ith  D i s t i l l e d  W ater And M u n ic ip a l E f f lu e n t  
U sing  Wyodak C oal A t 50 P e rc e n t S o lid s  
In  An A e ro b ic  E n v iro n m en t.
F ig u re  90 shows th e  r e s u lts  o f  the l in e a r  re g re s s io n  an a lyses  o f  le a d  
d a ta  fo r  s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w a te r  and South B e l A ir  
c o a l a t  50 p e rc e n t s o lid s  in  an a e ro b ic  en v iro n m en t. The re g re s s io n  a n a ly s is  
in d ic a te d  no change in  le a d  c o n c e n tra tio n s  as a fu n c t io n  o f d e te n t io n  tim e . 
The mean c o n c e n tra tio n  was 0 . 1 5  m il l ig r a m  p er l i t e r .
A com parison o f the le a d  c o n c e n tra tio n s  in  s lu r r y  w astew aters  p rep ared  
w ith  40 and 50 p e rce n t s o lid s  s lu r r ie s  in  an a e ro b ic  environm ent is  shown on 
F ig u re  9 1 . As shown by the f ig u r e ,  th e  l in e a r  re g re s s io n  an a lyses  in d ic a te d  
no change in  c o n c e n tra tio n  as a fu n c t io n  o f d e te n tio n  t im e . The mean concen­
t r a t io n s  were 0 . 2 5  m illig ra m s  per l i t e r  fo r  b o th  the  40 and 50 p e rc e n t s o lid s  
s lu r r i e s .  D i s t i l l e d  w a te r and Wyodak c o a l were used to  d eve lo p  the  d a ta .
-  127 -
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F ig u re  90: Comparison O f Lead C o n c e n tra tio n s  In  S lu r ry  W astewaters  
P rep ared  W ith  D i s t i l l e d  W ater And South B e l A ir  
C oal A t 50 P erc e n t S o lid s  In  An 
A ero b ic  E nvironm ent.
As in d ic a te d  by the  r e s u lts  o f the  l in e a r  re g re s s io n  a n a ly s e s , the i n i ­
t i a l  le a d  c o n c e n tra tio n s  were r e p re s e n ta t iv e  o f the c o n c e n tra tio n s  measured 
th ro u g h o u t the  s ix ty -h o u r  a e ro b ic  m ix in g  p e r io d s . The le a d  c o n c e n tra tio n s  in  
s lu r r y  w astew aters  p repared  w ith  the  Kansas and I l l i n o i s  co a ls  were below the  
d e te c ta b le  l i m i t  o f  the t e s t  procedure  used.
Magnesium
R e s u lts  o f th e  l in e a r  re g re s s io n  analyses  o f the  magnesium d a ta  were in ­
c o n s is te n t w ith  re s p e c t to  b o th  the  m agnitude and d ir e c t io n  o f the r a t e  of  
change in  c o n c e n tra tio n  as a fu n c t io n  o f d e te n tio n  tim e . In  some in s ta n c e s ,  
th ese  ra te s  were s ig n i f ic a n t  and would r e q u ire  e v a lu a t io n  in  e s t im a tin g  the  
r e la t io n s h ip  o f d e te n tio n  tim e and magnesium c o n c e n tra tio n s .
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F ig u re  91: Comparison O f Lead C o n c e n tra tio n s  In  S lu r ry  W astew aters  
P rep ared  W ith  D i s t i l l e d  W ater U sing  Wyodak Coal 
A t 40 And 50 P e rc e n t S o lid s  In  An 
A e ro b ic  E n viro n m en t.
F ig u re  92 shows th e  r e s u lts  o f the l in e a r  re g re s s io n  an a lyses  on th e  mag­
nesium d a ta  o b ta in e d  from s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w a te r and 
m u n ic ip a l e f f lu e n t  u s in g  Wyodak c o a l a t  50 p e rce n t s o lid s  in  an a e ro b ic  e n v i­
ronm ent. The mean c o n c e n tra tio n s  were 34 and 57 m illig ra m s  per l i t e r ,  resp ec­
t i v e l y ,  fo r  s lu r r ie s  p rep ared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f f lu e n t .  
The ra te s  o f change in  c o n c e n tra tio n  were 0 .3 9  and - 7 .2  m illig ra m s  per l i t e r  
per day fo r  s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  w a te r and m u n ic ip a l e f ­
f lu e n t  .
A s im i la r  com parison o f d a ta  developed u s in g  South B e l A i r  c o a l to  p re ­
pare  th e  s lu r r y  w astew aters  is  shown on F ig u re  9 3 . As shown by the  f ig u r e ,  
the  magnesium c o n c e n tra tio n s  in c re a s e d  w ith  in c re a s in g  d e te n t io n  tim e in  
s lu r r y  w astew aters  p rep ared  w ith  m u n ic ip a l e f f lu e n t  whereas th e  c o n c e n tra tio n s  
decreased as a fu n c t io n  o f d e te n tio n  tim e fo r  s lu r r y  w astew aters  p rep ared  w ith
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F ig u re  92: Comparison O f Magnesium C o n c e n tra tio n s  In  S lu r ry  W astew aters  
P rep ared  W ith  D i s t i l l e d  W ater And M u n ic ip a l E f f lu e n t  
U sing  Wyodak C oal A t 50 P e rc e n t S o lid s  In  
An A ero b ic  E n viro n m en t.
d i s t i l l e d  w a te r . The ra te s  o f change in  c o n c e n tra tio n s  were - 4 .8  and 5 .0  
m illig ra m s  per l i t e r  per day fo r  s lu r r y  w astew aters  p rep ared  w ith  d i s t i l l e d  
w a te r  and m u n ic ip a l e f f l u e n t ,  r e s p e c t iv e ly .  The mean c o n c e n tra tio n s  w ere 32 
and 45 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  th e  d i s t i l l e d  w a te r and m u n ic i­
p a l e f f lu e n t  s lu r r ie s .
F ig u re  94 shows a com parison o f the  r e s u lts  o f the l in e a r  re g re s s io n  ana­
lys e s  on magnesium d a ta  measured in  s lu r r y  w astew aters  m ixed in  a e ro b ic  and 
an ae ro b ic  environm ents u s in g  Cordero c o a l and d i s t i l l e d  w a te r to  p re p are  the  
s lu r r i e s .  As shown by the  f ig u r e ,  the  magnesium c o n c e n tra tio n s  were la r g e r  in  
s lu r r y  w astew aters  p rep ared  from s lu r r ie s  m ixed in  an a n ae ro b ic  environm ent 
than  in  those from s lu r r ie s  m ixed in  an a e ro b ic  en v iro n m en t. The mean concen­
t r a t io n s  were 27 and 36 m illig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  fo r  s lu r r ie s  m ixed  
in  a e ro b ic  and an ae ro b ic  en v iro n m en ts . The ra te s  o f change in  c o n c e n tra tio n
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F ig u re  93: Comparison O f Magnesium C o n c e n tra tio n s  In  S lu r r y  W astew aters  
P rep ared  W ith  D i s t i l l e d  W ater And M u n ic ip a l E f f lu e n t  
U sin g  South B e l A ir  Coal A t 50 P e rc e n t S o lid s  
In  An A ero b ic  E n viro n m en t.
were 0 .6 2  and - 1 .3  m illig ra m s  per l i t e r  per day, fo r  s lu r r y  w astew aters  
p repared  w ith  s lu r r ie s  m ixed in  a e ro b ic  and a n ae ro b ic  e n v iro n m en ts , respec­
t i v e l y  .
F ig u re  95 shows th e  r e s u lts  o f the  co m b in atio n  o f the  a e ro b ic  and anaero­
b ic  curves fo r  magnesium d a ta  o b ta in e d  u s in g  the  C ordero c o a l and d i s t i l l e d  
w a te r . A tw o -d ay  a e ro b ic  m ix in g  p e r io d  was used fo r  th is  s e t o f  d a ta . As 
shown by the  f ig u r e ,  the magnesium c o n c e n tra tio n s  would be low er than i f  an 
a e ro b ic  environm ent was used s o le ly .
The magnesium c o n c e n tra tio n s  were c le a r ly  a fu n c t io n  o f  c o a l so u rce , in ­
f lu e n t  w a te r q u a l i t y ,  th e  type  o f environm ent used d u rin g  th e  m ix in g  phase, 
and d e te n tio n  t im e . Thus, magnesium d a ta  needs to  be developed  u s in g  the  de­
te n t io n  t im e (s )  a p p ro p r ia te  fo r  a s p e c if ic  p ip e lin e  s i t u a t io n .
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F ig u re  9 4 : C om parison  O f M agnesium  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  C o rd e ro  C o a l A t 
40 P e rc e n t S o l id s  I n  A e ro b ic  And 
A n a e ro b ic  E n v iro n m e n ts .
N i t r a t e
The r e s u l t s  o f  th e  l i n e a r  r e g r e s s io n  a n a ly s e s  y ie ld e d  in c o n s is t e n t  re ­
s u l t s  w i t h  re s p e c t  to  th e  r a te  o f  change in  c o n c e n t r a t io n  as a f u n c t io n  o f  de­
t e n t io n  t im e .  F ig u re  96 shows a co m p a riso n  o f  th e  c u rv e s  f o r  n i t r a t e  d a ta  de­
v e lo p e d  fro m  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l 
e f f l u e n t .  The mean c o n c e n tr a t io n s  w ere  3 .3  and 4 .4  m i l l ig r a m s  p e r l i t e r ,  r e ­
s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l 
e f f l u e n t .  The r a te s  o f  change in  c o n c e n tr a t io n s  w ere  0 .0 3  and 0 .2 1  m i l l ig r a m s  
p e r l i t e r  p e r day f o r  s lu r r i e s  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f ­
f l u e n t ,  r e s p e c t iv e ly .
A s im i la r  co m p a riso n  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  r e s u l t s  in  s lu r r y  
w a s te w a te rs  p re p a re d  w i t h  S ou th  B e l A i r  c o a l is  shown on F ig u re  9 7 . The ra te s  
o f  in c re a s e  in  c o n c e n tr a t io n  w ere  0 .0  and 0 . 5 9  m il l ig ra m s  p e r l i t e r  per day
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F ig u re  95 : C o m b in a tio n  O f A e ro b ic  And A n a e ro b ic  C u rves  R e p re s e n t in g  
M agnesium  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  
Tim e F o r S lu r r y  W a s te w a te rs  P re p a re d  W ith  
D i s t i l l e d  W a te r And C o rd e ro  C oa l 
A t  40 P e rc e n t S o l id s .
f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t ,  
r e s p e c t iv e ly .  The mean c o n c e n tr a t io n s  w ere  3 .9  and 4 .9  m i l l ig r a m s  p e r l i t e r  
r e s p e c t iv e ly ,  f o r  s lu r r i e s  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f ­
f lu e n t  .
F ig u re  98 shows th e  r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  f o r  th e  n i ­
t r a t e  d a ta  d e v e lo p e d  fro m  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
Wyodak c o a l in  an a e ro b ic  e n v iro n m e n t.  The mean c o n c e n tr a t io n s  w e re  2 .0  and 
3 .3  m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  fro m  
s lu r r i e s  fo rm ed w i t h  40 and 50 p e rc e n t  s o l id s .  The r a te s  o f  change in  concen­
t r a t i o n  w ere 0 .0 3  and 0 .1 6  m i l l ig r a m s  p e r l i t e r  p e r day f o r  th e  s lu r r i e s  p re ­
p a re d  w i t h  40 and 50 p e rc e n t s o l id s ,  r e s p e c t iv e ly .
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F ig u re  96 : C om parison  O f N i t r a t e  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  Wyodak C oa l A t 50 P e rc e n t S o l id s  In  
An A e ro b ic  E n v iro n m e n t.
p H
F ig u re  99 shows a co m p a riso n  o f  th e  r e s u l t s  o f  th e  l in e a r  re g re s s io n  ana­
ly s e s  co nd u c te d  on th e  pH d a ta  d e v e lo p e d  w i t h  Wyodak c o a l ,  and d i s t i l l e d  w a te r  
and m u n ic ip a l e f f l u e n t .  The mean pH v a lu e s  were 6 .7  f o r  b o th  th e  d i s t i l l e d
w a te r  and m u n ic ip a l e f f l u e n t  s l u r r i e s .  The s lo p e s  o f  th e  c u rv e s  w ere  0 .3 1  and
.45  pH u n i t s  p e r day f o r  th e  s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and m u n ic i­
p a l e f f l u e n t ,  r e s p e c t iv e ly .  Wyodak c o a l was used to  d e v e lo p  th e s e  d a ta .
A s im i la r  co m p a rison  o f  pH d a ta  d e v e lo p e d  u s in g  S o u th  B e l A i r  c o a l is  
shown on F ig u re  100. The ra te s  o f  change o f  pH v a lu e s  w ere 0 .3 2  and 0 .1 6  pH 
u n i t s  p e r day, r e s p e c t iv e ly ,  f o r  s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and mu­
n i c i p a l  e f f l u e n t .  The mean v a lu e s  were 6 .6  and 6 .8  f o r  s lu r r y  w a s te w a te rs  ex­
t r a c te d  fro m  s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t ,  re ­
s p e c t iv e ly  .
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F ig u re  97 : C om parison  O f N i t r a t e  C o n c e n tra t io n s  In  S lu r r y  W a s te w a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  S o u th  B e l A i r  C o a l A t 50 P e rc e n t S o l id s  
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F ig u re  98 : C om parison  O f N i t r a t e  C o n c e n tra t io n s  In  S lu r r y  W a s te w a te rs  
P re p a re d  W ith  D i s t i l l e d  W a ter U s in g  Wyodak C o a l A t 
40 and 50 P e rc e n t S o l id s  I n  An 
A e ro b ic  E n v iro n m e n t.
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F ig u re  99 : C om parison  O f pH V a lu e s  In  S lu r r y  W a s tew a te rs  P re p a re d  
W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  U s in g  
Wyodak C oa l A t  50 P e rc e n t S o l id s  In  
An A e ro b ic  E n v iro n m e n t.
F ig u re  101 shows a co m p a riso n  o f  th e  pH v a lu e s  in  s lu r r y  w a s te w a te rs  p re ­
p a re d  w i t h  40 and 50 p e rc e n t s o l id s  s l u r r i e s .  Wyodak c o a l was used to  d e v e lo p  
th e s e  d a ta .
F ig u re s  102 shows a co m p a riso n  o f  pH v a lu e s  in  s lu r r y  w a s te w a te rs  ex­
t r a c te d  fro m  s lu r r i e s  m ixe d  in  a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts  f o r  a n in e -  
day p e r io d .  C o rd e ro  c o a l was used to  fo rm  th e  s l u r r i e s .  The mean pH v a lu e s  
w ere  6 .9  and 7 .5 ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  d e v e lo p e d  w i t h  a e ro b ic  
and a n a e ro b ic  e n v iro n m e n ts . The s lo p e s  o f  th e  c u rv e s  w ere  0 .0 6  and 0 .2 1  pH 
u n i t s  p e r day f o r  th e  s lu r r y  w a s te w a te rs  re p r e s e n t in g  th e  a e ro b ic  and anae ro ­
b ic  s l u r r i e s ,  r e s p e c t iv e ly .
F ig u re  103 shows th e  c u rv e  p roduced  by c o m b in in g  th e  a e ro b ic  and anae ro ­
b ic  c u rv e s  f o r  th e  C o rd e ro  c o a l and d i s t i l l e d  w a te r  s l u r r i e s .  As in d ic a te d  by
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F ig u re  100: C om parison  O f pH V a lu e s  In  S lu r r y  W a s te w a te rs  P re p a re d  W ith
D i s t i l l e d  W a ter U s in g  S o u th  B e l A i r  C o a l A t 50 
P e rc e n t S o l id s  I n  An A e ro b ic  E n v iro n m e n t.
th e  com bined c u rv e ,  th e  pH w o u ld  be e x p e c te d  to  r i s e  s i g n i f i c a n t l y  f o l lo w in g  
d e p le t io n  o f  th e  f r e e  d is s o lv e d  oxygen  in  th e  s lu r r y .  A tw o -d a y  a e ro b ic  m ix ­
in g  p e r io d  was used to  d e v e lo p  th e  c u rv e .
P o ta ss iu m
The r e s u l t s  o f  th e  l in e a r  re g re s s io n  a n a ly s e s  on p o ta s s iu m  c o n c e n tr a t io n s  
in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t  us­
in g  Wyodak c o a l a t  50 p e rc e n t s o l id s  in  an a e ro b ic  e n v iro n m e n t a re  shown on 
F ig u re  104. The p o ta s s iu m  c o n c e n tr a t io n s  in  th e  s lu r r y  w a s te w a te rs  p re p a re d  
w i t h  d i s t i l l e d  w a te r  a ve rag e d  8 .3  m i l l ig r a m s  p e r l i t e r  and in c re a s e d  a t  th e  
r a t e  o f  0 . 2 4  m i l l ig r a m s  p e r l i t e r  p e r day . The p o ta s s iu m  c o n c e n tr a t io n s  in
th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  m u n ic ip a l e f f l u e n t  a ve rag e d  9 .5  m i l l i -
-  137 -
pH
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F ig u re  101: C om parison  O f pH V a lu e s  I n  S lu r r y  W a s te w a te rs  P re p a re d  
W ith  D i s t i l l e d  W a te r U s in g  Wyodak C o a l A t 40 And 
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F ig u re  102: C om parison  O f pH V a lu e s  In  S lu r r y  W a s tew a te rs  P re p a re d  
W ith  D i s t i l l e d  W a te r U s in g  C o rd e ro  C o a l A t 50 
P e rc e n t S o l id s  I n  A e ro b ic  And 
A n a e ro b ic  E n v iro n m e n ts .
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F ig u re  103: C o m b in a tio n  O f A e ro b ic  And A n a e ro b ic  C urves R e p re s e n t in g  pH 
V a lu e s  As A F u n c t io n  O f D e te n t io n  Tim e F o r S lu r r y  
W a s tew a te rs  P re p a re d  W ith  D i s t i l l e d  W a ter 
U s in g  C o rd e ro  C oa l A t 40 
P e rc e n t S o l id s .
grams p e r l i t e r  and d ec rea se d  a t  th e  r a te  o f  0 .6 7  m i l l ig r a m s  p e r l i t e r  p e r 
day .
A s im i la r  co m p a rison  in v o lv in g  S o u th  B e l A i r  c o a l is  shown on F ig u re  105. 
The ra te s  o f  change in  c o n c e n tr a t io n  w ere  0 .3 1  and 0 .4 6  m i l l ig r a m s  p e r l i t e r  
p e r day f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f ­
f l u e n t ,  r e s p e c t iv e ly .  The mean c o n c e n tr a t io n s  w ere  6 .8  m i l l ig r a m s  p e r l i t e r  
f o r  th e  s lu r r y  w a s te w a te r p re p a re d  w i t h  th e  d i s t i l l e d  w a te r  and 8 .3  m i l l ig r a m s  
p e r l i t e r  f o r  th e  s lu r r y  w a s te w a te r  p re p a re d  w i t h  m u n ic ip a l e f f l u e n t .
As w ou ld  be e x p e c te d , th e  p o ta s s iu m  c o n c e n tr a t io n s  i n  s lu r r y  w a s te w a te rs  
p re p a re d  w i t h  50 p e rc e n t s o l id s  s lu r r i e s  w ere  la r g e r  th a n  th o s e  p re p a re d  w i t h  
40 p e rc e n t s o l id s  s l u r r i e s .  The r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  a re
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F ig u re  104: C om parison  O f P o ta s s iu m  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  Wyodak C oa l A t 50 P e rc e n t S o l id s  In  
An A e ro b ic  E n v iro n m e n t.
shown on F ig u re  106 . The r a te  o f  change in  c o n c e n tr a t io n  and th e  mean concen­
t r a t i o n  w ere -0 .1 1  m i l l ig r a m s  p e r l i t e r  p e r day and 7 .1  m i l l ig r a m s  pe r l i t e r  
f o r  th e  40 p e rc e n t  s o l id s  s l u r r i e s .  C om parab le  v a lu e s  f o r  th e  50 p e rc e n t s o l ­
id s  s lu r r i e s  w ere 0 .2 4  m i l l ig r a m s  pe r l i t e r  p e r day and 8 .0  m i l l ig r a m s  pe r 
l i t e r  f o r  th e  50 p e rc e n t s o l id s  s l u r r i e s .
F ig u re  107 shows a co m p a riso n  o f  th e  r e s u l t s  o f  th e  l in e a r  re g re s s io n  
a n a ly s e s  on p o ta s s iu m  d a ta  o b ta in e d  u s in g  a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts . 
The ra te s  o f  change in  c o n c e n tr a t io n  w ere  - 0 .3 8  and -0 .0 6  m i l l ig r a m s  p e r l i t e r  
p e r day f o r  s lu r r y  w a s te w a te rs  p re p a re d  u s in g  a e ro b ic  and a n a e ro b ic  e n v iro n ­
m e n ts , r e s p e c t iv e ly .  The mean c o n c e n tr a t io n  f o r  s lu r r i e s  m ixed  in  th e  a e ro b ic  
e n v iro n m e n t was 1 1 .0  m i l l ig r a m s  p e r l i t e r  w h ic h  was s l i g h t l y  le s s  th a n  th e  
mean c o n c e n tr a t io n  o f  1 3 .6  m i l l ig r a m s  p e r l i t e r  f o r  s lu r r i e s  m ixed  in  an anae­
r o b ic  e n v iro n m e n t.
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F ig u re  105: C om parison  O f P o ta s s iu m  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  S o u th  B e l A i r  C o a l A t 50 P e rc e n t S o l id s  
I n  An A e ro b ic  E n v iro n m e n t.
A lth o u g h  th e  te n d e n c ie s  f o r  th e  r a te s  and d i r e c t io n s  o f  changes in  
p o ta s s iu m  c o n c e n tr a t io n s  w ere n o t c o n s is te n t ,  th e  i n i t a l  c o n c e n tr a t io n s  can be 
used as g e n e r a l ly  r e p r e s e n ta t iv e  o f  th e  c o n c e n tr a t io n s  e x p e c te d  f o r  lo n g e r  de­
t e n t io n  p e r io d s  f o r  th re e  re a s o n s . F i r s t ,  th e  p o ta s s iu m  c o n c e n tr a t io n s  w ere  
lo w . S e c o n d ly , p o ta s s iu m  is  n o t a d i r e c t l y  r e g u la te d  p a ra m e te r i n  w a te r  q u a l­
i t y  s ta n d a rd s  and , e x c e p t f o r  a n o m in a l c o n t r ib u t io n  to  d is s o lv e d  s o l id s ,  is  
n o t  s i g n i f i c a n t .  F in a l l y ,  th e  r a te s  o f  change w ere  s m a ll.
S i l i c a
F ig u re  108 shows th e  r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  c o n d u c te d  
on s i l i c a  d a ta  d e ve lo p e d  u s in g  Wyodak c o a l .  D i s t i l l e d  w a te r  and m u n ic ip a l e f ­
f lu e n t  w ere  used as th e  s lu r r y  m e d ia . As shown by th e  f ig u r e ,  th e  s i l i c a  con­
c e n t r a t io n s  in  th e  s lu r r y  w a s te w a te rs  co nve rg e d  w i t h  in c r e a s in g  d e te n t io n
-  141 -
50% Sol i ds  
40% Sol i ds
Ti me,  days
F ig u re  106 : C om parison  O f P o ta s s iu m  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  Wyodak C oa l A t 
40 and 50 P e rc e n t S o l id s  I n  An 
A e ro b ic  E n v iro n m e n t.
F ig u re  107: C om parison  O f P o ta ss iu m  C o n c e n tra t io n s  In  S lu r r y  W astew ate rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  C o rd e ro  C oa l A t 40 
S o l id s  In  A e ro b ic  And A n a e ro b ic  E n v iro n m e n ts .
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t im e .  The r a te s  o f  change in  c o n c e n tr a t io n  w ere  3 .7  and -1 .9 5  m i l l ig r a m s  pe r 
l i t e r  p e r d ay , r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  fro m  s lu r r i e s  de­
v e lo p e d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .  The a ve rag e  c o n c e n tra ­
t io n s  w ere  9 .3  and 25 m i l l ig r a m s  p e r l i t e r  f o r  th e  d i s t i l l e d  w a te r  s lu r r y  and 
25 m i l l ig r a m s  p e r l i t e r  f o r  th e  m u n ic ip a l e f f l u e n t  s lu r r y .
A s im i la r  co m p a riso n  o f  th e  r e s u l t s  o f  th e  l in e a r  r e g re s s io n  a n a ly s e s  f o r  
s lu r r y  w a s te w a te rs  p re p a re d  w i t h  S ou th  B e l A i r  c o a l is  shown on F ig u re  109. 
As shown by th e  f ig u r e ,  th e s e  d a ta  a ls o  co n ve rg e d  w i t h  in c r e a s in g  d e te n t io n  
t im e .  The mean c o n c e n tr a t io n s  w ere  12 m i l l ig r a m s  p e r l i t e r  f o r  th e  d i s t i l l e d  
w a te r  s lu r r i e s  and 16 m i l l ig r a m s  p e r l i t e r  f o r  th e  s lu r r i e s  p re p a re d  w i t h  mu­
n i c i p a l  e f f l u e n t .  The ra te s  o f  change in  c o n c e n tr a t io n  w ere  1 .8  m i l l ig r a m s  
p e r l i t e r  p e r day f o r  th e  d i s t i l l e d  w a te r  s lu r r i e s  and - 0 .5  m i l l ig r a m s  p e r 
l i t e r  p e r day f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  m u n ic ip a l e f f l u e n t .
F ig u re  110 shows a co m p a riso n  o f  th e  r e s u l t s  o f  th e  l i n e a r  r e g r e s s io n  
a n a ly s e s  co n d u c te d  on s i l i c a  d a ta  d e v e lo p e d  fro m  s lu r r y  w a s te w a te rs  p re p a re d  
w i t h  40 and 50 p e rc e n t s o l id s  s l u r r i e s .  The mean c o n c e n tr a t io n s  w ere  8 .4  and 
9 .3  mil l grams p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  
40 and 50 p e rc e n t s o l id s  s l u r r i e s .  The ra te s  o f  change i n  c o n c e n t r a t io n  w ere  
5 .1  and 3 .7  m il l ig r a m s  p e r l i t e r  p e r day f o r  s lu r r y  w a s te w a te rs  p re p a re d  fro m  
s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and Wyodak c o a l a t  40 and 50 p e rc e n t s o l ­
id s .
A co m p a ris o n  o f  th e  r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  co n d u c te d  
on s i l i c a  d a ta  d e v e lo p e d  u s in g  a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts  i s  shown on 
F ig u re  111 . As shown by th e  f ig u r e ,  s i l i c a  c o n c e n tr a t io n s  i n  s lu r r i e s  m ixed  
in  an a n a e ro b ic  e n v iro n m e n t in c re a s e d  s i g n i f i c a n t l y .  The r a te  o f  in c re a s e  in









T ime,  days
F ig u re  108: C om parison  O f S i l i c a  C o n c e n tra t io n s  In  S lu r r y  W astew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  Wyodak C o a l A t 50 P e rc e n t S o l id s  In  
An A e ro b ic  E n v iro n m e n t.
Time,  days
F ig u re  109: C om parison  O f N i t r a t e  C o n c e n tra t io n s  In  S lu r r y  W astew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  S ou th  B e l A i r  C oa l A t 50 P e rc e n t S o l id s  
In  An A e ro b ic  E n v iro n m e n t.
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Time,  days
F ig u re  110: C om parison  O f S i l i c a  C o n c e n tra t io n s  In  S lu r r y  W as tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  Wyodak C o a l A t 
40 and 50 P e rc e n t S o l id s  In  An 
A e ro b ic  E n v iro n m e n t.
c o n c e n tr a t io n  was 1 .0  m i l l ig r a m  p e r l i t e r .  The r a te  o f  change in  
c o n c e n tr a t io n  f o r  th e  s i l i c a  in  s lu r r i e s  m ixed  in  an a e ro b ic  e n v iro n m e n t was 
- 0 .3 2  m i l l ig r a m  p e r l i t e r .  The mean c o n c e n tra t io n s  w ere  11 and 16 m i l l ig r a m s  
p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  fro m  s lu r r i e s  m ixed  
in  a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts .
F ig u re  112 shows th e  c u rv e  p roduced  by c o m b in in g  th e  a e ro b ic  and a na e ro ­
b ic  cu rve s  f o r  th e  C o rd e ro  c o a l and d i s t i l l e d  w a te r  s lu r r i e s  w i t h  a a e ro b ic  
m ix in g  p e r io d  o f  two d a ys . The com bined c u rv e  in d ic a te s  t h a t  s i l i c a  concen­
t r a t io n s  s h o u ld  in c re a s e  a f t e r  th e  d is s o lv e d  oxygen in  th e  s lu r r y  is  d e p le te d .
-  145 -
F ig u re  111: C om parison  O f S i l i c a  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  C o rd e ro  C oa l 
A t  40 P e rc e n t S o l id s  I n  A e ro b ic  And 
A n a e ro b ic  E n v iro n m e n ts .
Sodium
The r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  on sod ium  d a ta  o b ta in e d  
fro m  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  Wyodak and S ou th  B e l A i r  c o a l w ere  in ­
c o n s is te n t .  F ig u re  113 shows th e  r e s u l t s  o f  th e s e  a n a ly s e s  on sod ium  d a ta  
m easured in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f ­
f l u e n t  u s in g  Wyodak c o a l a t  50 p e rc e n t s o l id s  in  an a e ro b ic  e n v iro n m e n t.  The 
r a te s  o f  change in  c o n c e n tr a t io n s  w ere  0 . 5 7  and - 1 .6  m i l l ig r a m s  p e r l i t e r  pe r 
d a y , r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
m u n ic ip a l e f f l u e n t .  The mean c o n c e n tr a t io n s  w ere  38 and 41 m i l l ig r a m s  pe r 
l i t e r  f o r  s lu r r i e s  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .
A s im i l a r  co m p a riso n  o f  sod ium  d a ta  in  s lu r r i e s  p re p a re d  w i th  S ou th  B e l 
A i r  c o a l is  shown on F ig u re  114. As in d ic a te d  by th e  f ig u r e ,  th e  te n d e n c y  f o r  
th e  m u n ic ip a l e f f l u e n t  d a ta  was f o r  in c r e a s in g  c o n c e n tr a t io n s  w i t h  in c r e a s in g
























Ti me,  days
F ig u re  112: C o m b in a tio n  O f A e ro b ic  And A n a e ro b ic  C u rves R e p re s e n t in g  
S i l i c a  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  
T im e F o r S lu r r y  W a s tew a te rs  P re p a re d  W ith  
D i s t i l l e d  W a te r And C o rd e ro  C oa l 
A t  40 P e rc e n t S o l id s .
d e te n t io n  t im e .  T h is  te n d e n c y  was o p p o s ite  t h a t  f o r  d a ta  d e v e lo p e d  u s in g
d i s t i l l e d  w a te r .  The l a t t e r  d e c re a se d  w i t h  in c r e a s in g  d e te n t io n  t im e .  The
r a te s  o f  change in  c o n c e n tr a t io n s  w ere  - 1 .9  and 3 .3  m i l l ig r a m s  p e r l i t e r  p e r 
d ay , r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and 
m u n ic ip a l e f f l u e n t .  The mean c o n c e n tr a t io n s  w ere  45 and 60 m i l l ig r a m s  per 
l i t e r  f o r  s lu r r i e s  p re p a re d  w i th  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .
F ig u re  115 shows th e  r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  o f  sod ium  
d a ta  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  40 and 50 p e rc e n t s o l id s  s l u r r i e s .  
Wyodak c o a l and d i s t i l l e d  w a te r  w ere used to  p re p a re  th e  s l u r r i e s .  As shown 
by th e  f ig u r e ,  th e  sod ium  c o n c e n tr a t io n s  w ere  c le a r l y  a f u n c t io n  o f  th e  p e r­
c e n t s o l id s  used in  p re p a r in g  th e  s l u r r i e s .  The ra te s  o f  change in  c o n c e n tra ­
t io n  w ere  0 .5 7  and -0 .7 1  m i l l ig r a m s  p e r l i t e r  p e r day f o r  s lu r r y  w a s te w a te rs  
p re p a re d  w i t h  40 and 50 p e rc e n t s o l id s ,  r e s p e c t iv e ly .  The mean c o n c e n tr a t io n s  
w ere  31 and 38 m i l l ig r a m s  p e r l i t e r .
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F ig u re  113: C om parison  O f Sodium  C o n c e n tra t io n s  In  S lu r r y  W astew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  Wyodak C o a l A t 50 P e rc e n t S o l id s  In  
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Time,  days
F ig u re  114: C om parison  O f Sodium C o n c e n tra t io n s  In  S lu r r y  W astew ate rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  S ou th  B e l A i r  C o a l A t 50 P e rc e n t 
S o l id s  In  An A e ro b ic  E n v iro n m e n t.








F ig u re  115: C om parison  O f Sodium  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  Wyodak C oa l A t 
40 and 50 P e rc e n t S o l id s  In  An 
A e ro b ic  E n v iro n m e n t.
F ig u re  116 shows th e  r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  co n d u c te d  
on sodium  d a ta  d e v e lo p e d  o v e r a lo n g e r  m ix in g  p e r io d .  The r a te s  o f  change in  
c o n c e n tr a t io n  w ere  g r e a te r  th a n  f o r  th e  d a ta  d e v e lo p e d  w i t h  th e  Wyodak and 
S ou th  B e l A i r  c o a ls .  The d a ta  shown on F ig u re  116 r e f l e c t  s l u r r y  w a s te w a te rs  
p re p a re d  w i th  d i s t i l l e d  w a te r  and C o rd e ro  c o a l .  The sod ium  c o n c e n tr a t io n s  in  
s lu r r y  w a s te w a te rs  m ixed  in  an a e ro b ic  e n v iro n m e n t a ve ra g e d  160 m i l l ig r a m s  p e r 
l i t e r  and d e c re a se d  a t  th e  r a te  o f  6 .7  m i l l ig r a m s  p e r l i t e r  p e r d a y . The 
mean c o n c e n tr a t io n  was 200 m i l l ig r a m s  p e r l i t e r  f o r  th e  s l u r r i e s  m ixed  in  an 
a n a e ro b ic  e n v iro n m e n t.  Sodium  in  th e s e  s lu r r i e s  d e c re a se d  a t  th e  r a te  o f  2 .3  
m i l l ig r a m s  p e r l i t e r  p e r day.
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F ig u re  116: C om parison  O f Sodium  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  C o rd e ro  C oa l 
A t  40 P e rc e n t S o l id s  In  A e ro b ic  And 
A n a e ro b ic  E n v iro n m e n ts .
S u l fa te
F ig u re  117 shows th e  r e s u l t s  o f  th e  l in e a r  r e g re s s io n  a n a ly s e s  co nd u c te d  
on s lu r r y  w a s te w a te rs  p re p a re d  w i t h  Wyodak c o a l .  The mean c o n c e n tr a t io n s  w ere 
480 and 600 m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re ­
p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .  The r a te s  o f  in c re a s e  in  
c o n c e n tra t io n s  w ere  8 .1  and 26 m i l l ig r a m s  p e r l i t e r  p e r day f o r  s lu r r y  w a s te -  
w a te rs  p re p a re d  fro m  s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f ­
f l u e n t ,  r e s p e c t iv e ly .  As in d ic a te d  by th e  f ig u r e ,  th e  i n i t i a l  c o n c e n tr a t io n s  
w ere  g e n e r a l ly  r e p r e s e n ta t iv e  o f  th o s e  m easured d u r in g  th e  re m a in d e r o f  the  
s ix t y - h o u r  a e ro b ic  m ix in g  p e r io d .
A s im i la r  co m p a rison  o f  th e  r e s u l t s  o f  th e  l in e a r  r e g re s s io n  a n a ly s e s  
c o n d u c te d  on s u l f a t e  d a ta  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  S ou th  B e l A i r  
c o a l is  shown on F ig u re  118. As shown by th e  f ig u r e ,  th e  s u l f a t e  c o n c e n tra -
















D i s t i l l e d  Water  
Municipal  E f f l u e n t
0 1 2  3
Time,  days
F ig u re  117: C om parison  O f S u l fa te  C o n c e n tra t io n s  I n  S lu r r y  W as tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a ter And M u n ic ip a l E f f l u e n t  
U s in g  Wyodak C oa l A t  50 P e rc e n t S o l id s  
I n  An A e ro b ic  E n v iro n m e n t.
t io n s  in c re a s e d  r a p id l y  in  th e  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  m u n ic ip a l 
e f f l u e n t  w i t h  in c r e a s in g  d e te n t io n  t im e .  The r a te  o f  in c re a s e  was 160 m i l l i ­
grams pe r l i t e r  p e r day . The r a te  o f  in c re a s e  f o r  th e  s lu r r y  w a s te w a te rs  p re ­
p a re d  w i t h  d i s t i l l e d  w a te r  was low  a t  0 .1  m i l l ig r a m s  p e r l i t e r  p e r d ay . The 
mean c o n c e n tra t io n s  w ere  520 and 790 m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  
s lu r r y  w a s te w a te rs  p re p a re d  fro m  s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and mu­
n i c ip a l  e f f l u e n t .
F ig u re  119 shows th e  e f f e c t  o f  th e  s o l id s  c o n c e n tr a t io n s  used in  fo rm in g  
th e  s lu r r i e s  on s u l f a t e  in  th e  s lu r r y  w a s te w a te rs . The mean c o n c e n tr a t io n s  
w ere  360 and 480 m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r i e s  fo rm ed  w i th  
40 and 50 p e rc e n t s o l id s  c o n c e n t r a t io n s .  Wyodak c o a l and d i s t i l l e d  w a te r  w ere 
used to  fo rm  th e  s l u r r i e s .  The ra te s  o f  change in  s u l f a t e  c o n c e n tr a t io n s  w ere 
8 .1  and 1 2 .9  m i l l ig r a m s  p e r l i t e r  p e r day f o r  th e  40 and 50 p e rc e n t s o l id s
















D i s t i l l e d  Water  
Municipal  E f f l uent
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Time,  days
F ig u re  118: C om parison  O f S u l fa te  C o n c e n t r a t ions In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  S o u th  B e l A i r  C o a l A t 50 P e rc e n t S o l id s  
I n  An A e ro b ic  E n v iro n m e n t.
s l u r r i e s ,  r e s p e c t iv e ly .  As w i t h  th e  p re v io u s  i l l u s t r a t i o n  o f  th e  Wyodak 
s lu r r y  d a ta ,  th e  i n i t i a l  c o n c e n tr a t io n s  w ere  e s s e n t ia l l y  r e p r e s e n ta t iv e  o f  th e  
c o n c e n tr a t io n s  m easured th ro u g h o u t th e  re m a in d e r o f  th e  s tu d y .
F ig u re  120 shows a co m p a riso n  o f  th e  r e s u l t s  o f  th e  l i n e a r  re g re s s io n  
a n a ly s e s  co n d u c te d  on s u l f a t e  d a ta  d e v e lo p e d  fro m  s lu r r y  w a s te w a te rs  fo rm ed  
w i t h  d i s t i l l e d  w a te r  and C o rd e ro  c o a l .  As shown by th e  f ig u r e ,  th e  s lo p e s  o f  
th e  c u rv e s  w ere  s u b s t a n t ia l l y  d i f f e r e n t .  The ra te s  o f  change in  c o n c e n tra ­
t io n s  w ere  1 .9  and 37 m i l l ig r a m s  p e r l i t e r  p e r day , r e s p e c t iv e ly ,  f o r  s lu r r y  
w a s te w a te rs  p re p a re d  fro m  s lu r r i e s  m ixe d  in  a e ro b ic  and a n a e ro b ic  e n v iro n ­
m e n ts . The mean c o n c e n tr a t io n s  a re  m is le a d in g  because  o f  th e  r e l a t i v e l y  la rg e  
in c re a s e  in  c o n c e n tr a t io n  w i t h  in c r e a s in g  d e te n t io n  t im e  f o r  th e  a n a e ro b ic  
d a ta .
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F ig u re  119: C om parison  O f S u l fa te  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r U s in g  Wyodak C o a l A t 
40 and 50 P e rc e n t S o l id s  In  An 
A e ro b ic  E n v iro n m e n t.
C o m b in a tio n  o f  th e  a e ro b ic  and a n a e ro b ic  c u rv e s  w i t h  a tw o -d a y  a e ro b ic  
m ix in g  p e r io d  is  shown on F ig u re  121 . As shown by th e  f ig u r e ,  th e  s u l f a t e  
c o n c e n tra t io n s  w o u ld  be e x p e c te d  to  in c re a s e  r a p id l y  f o l lo w in g  d e p le t io n  o f  
d is s o lv e d  oxygen in  th e  s lu r r y .
T ita n iu m
The r e s u l t s  o f  th e  l i n e a r  r e g re s s io n  a n a ly s e s  in d ic a te d  no change in  t o -  
ta n iu m  c o n c e n tr a t io n s  as a f u n c t io n  o f  d e te n t io n  t im e  f o r  s lu r r y  w a s te w a te rs  
p re p a re d  w i t h  50 p e rc e n t s o l id s  s l u r r i e s .  S im i la r  a n a ly s e s  on th e  s lu r r y  
w a s te w a te r d a ta  f o r  40 p e rc e n t s o l id s  s lu r r i e s  in d ic a te d  a r a te  o f  change o f  
0 .1  m i l l ig r a m  p e r l i t e r  p e r d ay . C o n s e q u e n tly , th e  i n i t i a l  t i t a n iu m  concen­
t r a t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  Wyodak and S o u th  B e l A i r  
c o a ls  in  a e ro b ic  e n v iro n m e n ts  w ere  e s s e n t ia l l y  r e p r e s e n ta t iv e  o f  th o s e  meas­
u re d  th ro u g h o u t th e  s ix t y - h o u r  m ix in g  p e r io d s .
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F ig u re  120: C om parison  O f S u l fa te  C o n c e n tra t io n s  In  S lu r r y  W astew a te rs
P re p a re d  W ith  D i s t i l l e d  W a ter U s in g  C o rd e ro  C oa l 
A t  40 P e rc e n t S o l id s  I n  A e ro b ic  And 
A n a e ro b ic  E n v iro n m e n ts .
F ig u re  122 shows a co m p a riso n  o f  th e  r e s u l t s  o f  th e  l in e a r  re g re s s io n  
a n a ly s e s  on t i t a n iu m  d a ta  d e ve lo p e d  fro m  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d is ­
t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t  u s in g  Wyodak c o a l a t  50 p e rc e n t s o l id s  in  
an a e ro b ic  e n v iro n m e n t.  The mean c o n c e n tr a t io n s  w ere  0 .7 8  and 0 .9 7  m i l l ig r a m s  
p e r l i t e r  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l 
e f f l u e n t ,  r e s p e c t iv e ly .
A s im i la r  co m p a rison  f o r  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r  
and m u n ic ip a l e f f l u e n t  u s in g  S ou th  B e l A i r  c o a l is  shown on F ig u re  123 . The 
mean c o n c e n tra t io n s  w ere 0 .8 3  and 0 .9 5  m i l l ig r a m s  p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  
s lu r r y  w a s te w a te rs  p re p a re d  w i th  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .  The 
raw  d a ta  in d ic a te d  a peak c o n c e n tr a t io n  o c c u r re d  a t  a d e te n t io n  t im e  o f  be­
tween one and two days w i lh  a d e c re a s in g  c o n c e n tr a t io n  f o r  th e  re m a in d e r o f  
th e  s ix t y - h o u r  a e ro b ic  m ix in g  p e r io d .
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F ig u re  121: C o m b in a tio n  O f A e ro b ic  And A n a e ro b ic  C urves R e p re s e n t in g  
S u l fa te  C o n c e n tra t io n s  As A F u n c t io n  O f D e te n t io n  
Tim e F o r S lu r r y  W astew ate rs  P re p a re d  W ith  
D i s t i l l e d  W a ter And C o rd e ro  C oa l 
A t 40 P e rc e n t S o l id s .
F ig u re  124 shows th e  r e s u l t s  o f  th e  l in e a r  re g re s s io n  a n a ly s e s  on 
t i t a n iu m  d a ta  d eve lo p e d  fro m  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  d i s t i l l e d  w a te r 
and Wyodak c o a l u s in g  40 and 50 p e rc e n t s o l id s  s lu r r i e s .  As w o u ld  be ex­
p e c te d , th e  t i t a n iu m  c o n c e n tra t io n s  in  s lu r r y  w a s te w a te rs  p re p a re d  w i th  th e  50 
p e rc e n t s o l id s  s lu r r i e s  exceeded th o s e  in  s lu r r y  w a s te w a te rs  p re p a re d  w i t h  th e  
40 p e rc e n t s o l id s  s l u r r i e s .  The mean c o n c e n tra t io n s  w ere  0 .5 5  and 0 .7 8  m i l l i ­
grams p e r l i t e r .  The r e s u l t s  o f  th e  l in e a r  r e g re s s io n  a n a ly s e s  in d ic a te d  
ra te s  o f  in c re a s e  in  t i t a n iu m  c o n c e n tra t io n s  o f  0 .1  and 0 .0  m i l l ig r a m s  pe r 
l i t e r  p e r day f o r  th e  40 and 50 p e rc e n t s o l id s  s lu r r i e s ,  r e s p e c t iv e ly .
T o ta l  H ardness
F ig u re  125 shows th e  r e s u l t s  o f  th e  l in e a r  re g re s s io n  a n a ly s e s  co nd u c te d  
on t o t a l  ha rdness  d a ta  d e ve lo p e d  u s in g  Wyodak c o a l w i t h  d i s t i l l e d  w a te r  and
-  155 -
1 .0 

















F ig u re  122: C om parison  O f T ita n iu m  C o n c e n tra t io n s  In  S lu r r y  W astew ate rs  
P re p a re d  W ith  D i s t i l l e d  W a ter And M u n ic ip a l E f f l u e n t  
U s in g  Wyodak C oa l A t 50 P e rc e n t S o l id s  In  
An A e ro b ic  E n v iro n m e n t.
m u n ic ip a l e f f l u e n t .  The mean c o n c e n tr a t io n s  w ere  330 and 434 m i l l ig r a m s  per 
l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re p a re d  fro m  s lu r r i e s  fo rm ed  w i th  
d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .  The s lo p e s  o f  th e  c u rv e s  w ere  1 .9  and 
-7 3  m i l l ig r a m s  p e r l i t e r  f o r  th e  s lu r r y  w a s te w a te rs  r e p r e s e n t in g  th e  d i s t i l l e d  
w a te r  and m u n ic ip a l e f f l u e n t  s l u r r i e s ,  r e s p e c t iv e ly .
A s im i la r  co m p a riso n  o f  t o t a l  h a rdn e ss  d a ta  d e v e lo p e d  w i t h  S ou th  B e l A i r  
c o a l is  shown on F ig u re  126. The r a te s  o f  change in  c o n c e n tr a t io n s  w ere  -3 1  
and 80 m i l l ig r a m s  p e r l i t e r  p e r d ay , r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  p re ­
p a re d  fro m  s lu r r i e s  fo rm ed  w i t h  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t .  The 
mean c o n c e n tra t io n s  w ere 300 and 419 m i l l ig r a m s  p e r l i t e r  f o r  s lu r r y  wastew a­
te r s  re p r e s e n t in g  th e  d i s t i l l e d  w a te r  and m u n ic ip a l e f f l u e n t ,  r e s p e c t iv e ly .
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F ig u re  123: C om parison  O f T ita n iu m  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a te r And M u n ic ip a l E f f l u e n t  
U s in g  S o u th  B e l A i r  C oa l A t 50 P e rc e n t S o l id s  
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F ig u re  124: C om parison  O f T ita n iu m  C o n c e n tra t io n s  In  S lu r r y  W a s tew a te rs  
P re p a re d  W ith  D i s t i l l e d  W a ter U s in g  Wyodak C o a l A t 
40 and 50 P e rc e n t S o l id s  I n  An 
A e ro b ic  E n v iro n m e n t.
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F ig u re  125: C om parison  O f T o ta l  H ardness C o n c e n tra t io n s  I n  S lu r r y  
W astew ate rs  P re p a re d  W ith  D i s t i l l e d  W ater And 
M u n ic ip a l E f f l u e n t  U s in g  Wyodak C oa l A t 
50 P e rc e n t S o l id s  I n  An A e ro b ic  
E n v iro n m e n t.
F ig u re  127 shows a co m p a riso n  o f  th e  r e s u l t s  o f  th e  l in e a r  re g re s s io n  
a n a ly s e s  co n d u c te d  on t o t a l  h a rdn e ss  d a ta  d e v e lo p e d  fro m  s lu r r i e s  fo rm ed  w i th  
40 and 50 p e rc e n t s o l id s .  The mean c o n c e n tra t io n s  w ere  230 and 330 m il l ig r a m s  
p e r l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  w a s te w a te rs  r e p re s e n t in g  th e  d i s t i l l e d  
w a te r  and m u n ic ip a l e f f lu e n t  s l u r r i e s .  The s lo p e s  o f  th e  c u rv e s  w ere -2 1  and 
1 .9  m i l l ig r a m s  p e r l i t e r  p e r day f o r  th e  s lu r r y  w a s te w a te rs  p re p a re d  fro m  
s lu r r i e s  m ixed  i n  a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts .
The r e s u l t s  o f  th e  l in e a r  r e g re s s io n  a n a ly s e s  c o n d u c te d  on t o t a l  ha rdness 
d a ta  d e ve lo p e d  u s in g  a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts  a re  shown on F ig u re  
128. The t o t a l  ha rdness  c o n c e n tra t io n s  i n  s lu r r y  w a s te w a te rs  p re p a re d  fro m  
s lu r r i e s  m ixed  i n  an a n a e ro b ic  e n v iro n m e n t exceeded th o s e  i n  s lu r r i e s  m ixed  in  
an a e ro b ic  e n v iro n m e n t. The mean c o n c e n tra t io n s  were 230 and 380 m il l ig r a m s  
p e r l i t e r .  The r a te s  o f  change in  c o n c e n tra t io n s  w ere -2 2  and -1 0  m il l ig r a m s
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F ig u re  126: C om parison  O f T o ta l  H ardness C o n c e n tra t io n s  I n  S lu r r y  
W a s tew a te rs  P re p a re d  W ith  D i s t i l l e d  W a ter And 
M u n ic ip a l E f f l u e n t  U s in g  S o u th  B e l A i r  
C o a l A t  50 P e rc e n t S o l id s  I n  An 
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F ig u re  127: C om parison  O f T o ta l  H ardness C o n c e n tra t io n s  In  S lu r r y  W aste
w a te rs  P re p a re d  W ith  D i s t i l l e d  W a ter U s in g  Wyodak 
C o a l A t  40 And 50 P e rc e n t S o l id s  I n  An 
A e ro b ic  E n v iro n m e n t.
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p e r l i t e r  pe r day f o r  s lu r r y  w a s te w a te rs  e x t r a c te d  fro m  s lu r r i e s  m ixe d  in  
a e ro b ic  and a n a e ro b ic  e n v iro n m e n ts , r e s p e c t iv e ly .  C o rd e ro  c o a l was used to  
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F ig u re  128: C om parison  O f T o ta l  H ardness C o n c e n tra t io n s  In  S lu r r y  W aste
w a te rs  P re p a re d  W ith  D i s t i l l e d  W a ter U s in g  C o rd e ro  
C o a l A t  40 P e rc e n t S o l id s  In  A e ro b ic  
And A n a e ro b ic  E n v iro n m e n ts .
F ig u re  129 shows th e  c o m b in a t io n  o f  th e  a e ro b ic  and a n a e ro b ic  c u rv e s  f o r  
s lu r r y  w a s te w a te rs  p re p a re d  u s in g  C o rd e ro  c o a l and d i s t i l l e d  w a te r .  The te n d ­
ency f o r  la r g e r  c o n c e n tra t io n s  when an a n a e ro b ic  e n v iro n m e n t was used n o te d  in  
th e  c a lc iu m  h a rdness  d a ta  was a ls o  e v id e n t  fro m  th e  t o t a l  h a rdn e ss  c u rv e s .
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F ig u re  129: C o m b in a tio n  O f A e ro b ic  And A n a e ro b ic  C urves R e p re s e n t in g  T o ta l
H ardness As A F u n c t io n  O f D e te n t io n  Tim e F o r S lu r r y  
W astew a te rs  P re p a re d  W ith  D i s t i l l e d  W a ter And 
C o rd e ro  C oa l A t 40 P e rc e n t S o l id s .
PHASE IX  RESULTS
The purpose  o f  t h is  phase o f  th e  o v e r a l l  re s e a rc h  p rog ram  was to  i n v e s t i ­
g a te  th e  f e a s i b i l i t y  o f  u s in g  s a l in e  w a te r  as th e  s lu r r y  m e d ia . Because o f  
l im i t e d  w a te r  re s o u rc e s  i n  th e  w e s te rn  U n ite d  S ta te s ,  th e  use o f  e i t h e r  s a l in e  
w a te r  o r poor q u a l i t y  w a te r  w ou ld  be more a c c e p ta b le .
The app roach  used to  s a t i s f y  t h is  o b je c t iv e  was to  co n d u c t mass b a la n c e s  
o f  c h lo r id e  f o l lo w in g  m ix in g  o f  th e  c o a l and s a l in e  w a te r  f o r  v a r io u s  p e r io d s  
o f  t im e . The q u a n t i t y  o f  c h lo r id e  i n  th e  s a l in e  w a te r  used as th e  s lu r r y  me­
d ia  p lu s  th a t  c o n t r ib u te d  by th e  c o a l was th e n  compared w i th  th e  q u a n t i t y  o f  
c h lo r id e  i n  th e  s lu r r y  w a s te w a te r p roduced  by l i q u id - s o l i d s  s e p a ra t io n  and th e  
q u a n t i t y  o f  c h lo r id e  washed fro m  th e  c o a l by d i s t i l l e d  w a te r  a f t e r  th e  l i q u i d -
-  161 -
s o l id s  s te p .  T h a t i s ,  two s in k s  e x is t  f o r  th e  c h lo r id e  a f t e r  the  
l i q u id - s o l i d s  s te p .  The c h lo r id e  m ust be e i t h e r  i n  th e  s lu r r y  w a s te w a te r or 
r e ta in e d  w i th  th e  c o a l.  In  e q u a t io n  fo rm , th e  e q u a t io n  w ou ld  be as fo l lo w s :
Ws = Wsc + Wsw -  We
W here: Ws = w e ig h t o f  c h lo r id e  i n  th e
s a l in e  w a te r
Wsc = w e ig h t o f  c h lo r id e  re ta in e d  
w i t h  th e  c o a l fo l lo w in g  
l i q u id - s o l i d s  s e p a ra t io n
Wsw = w e ig h t o f  c h lo r id e  i n  th e  
s lu r r y  w a s te w a te r
Wc = w e ig h t o f  c h lo r id e  c o n t r ib u te d  
by  th e  c o a l
The s p e c i f i c  p ro c e d u re  used was to  d e te rm in e  th e  q u a n t i t y  o f  c h lo r id e  
w h ic h  w ou ld  be le a ch e d  fro m  th e  c o a l d u r in g  m ix in g  o f  th e  c o a l and w a te r .  
S lu r r ie s  p re p a re d  w i th  Wyodak c o a l and d i s t i l l e d  w a te r  w ere m ixed  f o r  th e  de­
s i r e d  le n g th  o f  t im e  in  th e  b a tc h  r e a c to r s .  F i f t y - p e r c e n t  s lu r r i e s  w ere used 
in  th e s e  a n a ly s e s . Upon e x t r a c t io n  o f  th e  s lu r r y  fro m  th e  r e a c to r s ,  the  
s lu r r y  was dew a te red  by vacuum f i l t r a t i o n  and th e  q u a n t i t y  o f  s lu r r y  wastewa­
t e r  m easured . The c o n c e n tr a t io n  o f  th e  c h lo r id e  in  th e  s lu r r y  w a s te w a te r was 
d e te rm in e d . M u l t i p l i c a t i o n  o f  th e  c o n c e n tr a t io n  by th e  vo lum e y ie ld e d  a meas­
u re  o f  th e  q u a n t i t y  o f  c h lo r id e  w h ic h  w ou ld  be le a ch e d  fro m  th e  c o a l.
The c h lo r id e  c o n c e n tr a t io n  o f  th e  s a l in e  w a te r  was d e te rm in e d  by th e  p ro ­
cedu re s  i d e n t i f i e d  in  P a r t  408B o f  S ta n d a rd  M ethods F o r The E x a m in a tio n  Of
-  162 -
W ater And W astew ate r ( 3 1 ) .  Two tho u san d  m i l l i l i t e r s  o f  th e  s a l in e  w a te r  w ere 
com bined w i th  2 ,0 0 0  grams o f  c o a l to  fo rm  th e  s lu r r y  to  be e v a lu a te d .  The 
s lu r r y  was m ixe d  f o r  th e  d e s ire d  le n g th  o f  t im e  in  th e  b a tc h  r e a c to r s ,  ex­
t r a c te d  fro m  th e  r e a c to r  and d e w a te re d . The vo lum e o f  th e  s lu r r y  w a s te w a te r 
and th e  c o n c e n tr a t io n  o f  th e  c h lo r id e  in  th e  s lu r r y  w a s te w a te r were th e n  de­
te rm in e d . The c o a l re m a in in g  f o l lo w in g  th e  l i q u id - s o l i d s  s e p a ra t io n  s te p  was 
th e n  r in s e d  w i t h  d i s t i l l e d  w a te r .  The vo lum e o f  r in s e  w a te r  and th e  c h lo r id e  
c o n c e n tr a t io n  in  th e  r in s e  w a te r w ere  m easured . These d a ta  w ere used to  de­
te rm in e  th e  mass b a la n c e . E x c e l le n t  com parisons  o f  th e  w e ig h ts  o f  c h lo r id e  in  
th e  s a l in e  w a te r  com bined w i th  c h lo r id e  c o n t r ib u te d  by th e  c o a l w i t h  th e  
amounts o f  c h lo r id e  in  th e  s lu r r y  w a s te w a te r and in  th e  r in s e  w a te r  w ere  ob­
ta in e d .
The r e s u l t s  o f  th e  la b o r a to r y  a n a ly s e s  in d ic a te d  t h a t  s u b s ta n t ia l  q u a n t i ­
t i e s  o f  c h lo r id e  a re  r e ta in e d  w ith  th e  c o a l .  The q u a n t i t y  o f  c h lo r id e  re ­
ta in e d  is  b a s ic a l l y  e q u a l to  th e  q u a n t i t y  o f  w a te r  r e ta in e d  by th e  c o a l m u l t i ­
p l ie d  by th e  c o n c e n tr a t io n  o f  c h lo r id e  i n  th e  s a l in e  w a te r  used to  fo rm  th e  
s lu r r y .
Because o f  th e  amount o f  c h lo r id e  r e ta in e d  w i t h  th e  c o a l,  th e  use o f  sa­
l i n e  w a te r  as th e  s lu r r y  m ed ia  s h o u ld  o n ly  be a d o p te d  a f t e r  v e ry  c a r e fu l  ana­
ly s e s  o f  th e  p o t e n t ia l  a d ve rse  e f f e c t s  o f  th e  c h lo r id e  on dow nstream  p ro c e s s e s  
and equ ipm ent and o f  th e  c h lo r id e  on th e  p ip e l in e  and a s s o c ia te d  equ ipm ent 
have been c o n d u c te d .
S e v e ra l p o t e n t ia l  a d ve rse  e f f e c t s  e x is t  f o r  th e  use o f  h ig h  c h lo r id e  
c o a l .  F o r exam ple , f i r i n g  o f  c h lo r id e - la d e n  c o a l i n  th e  fu rn a c e  o f  an e le c ­
t r i c  power g e n e ra t in g  s t a t io n  has th e  p o t e n t ia l  f o r  a c c e le ra te d  c h lo r id e  c o r -
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r o s io n  o f  b o i l e r  components and o f  c o r r o s io n  o f  s c ru b b e r in t e r n a ls  in  f lu e  gas 
d e s u l f u r iz a t io n  sys tem s . S in c e  f lu e  gas d e s u l f u r iz a t io n  is  c u r r e n t ly  r e q u ir e d  
f o r  a l l  new and m o d if ie d  e l e c t r i c  power g e n e ra t io n  s t a t io n s ,  p o t e n t ia l  a d ve rse  
e f f e c t s  on th e s e  p ro ce sse s  and equ ipm en t m ust be e v a lu a te d .  F lu e  gas d e s u l­
f u r i z a t i o n  system s have been p a r t i c u l a r l y  s u s c e p t ib le  to  c h lo r id e  c o r ro s io n  
because o f  th e  h o t ,  w e t e n v iro n m e n t in s id e  th e  s c ru b b e rs .  W ater c o n ta in in g  
c h lo r id e  e v a p o ra te s  le a v in g  a more h ig h ly  c o n c e n tra te d  s o lu t io n  e v e n tu a l ly  re ­
s u l t in g  i n  a v e ry  c o r r o s iv e  s i t u a t io n  in  many ca se s .
The use o f  s a l in e  w a te r  a ls o  c o n t r ib u te s  to  th e  d i f f i c u l t y  o f  s lu r r y  
w a s te w a te r q u a l i t y  r e s t o r a t io n ,  re u s e  a n d /o r  d is p o s a l because  o f  th e  h ig h ly  
m in e r a l iz e d  n a tu re  o f  th e  s a l in e  w a te r .  A lth o u g h  th e  use o f  s a l in e  w a te r  need 
n o t be r u le d  o u t ,  v e ry  c a r e fu l  a n a ly s e s  o f  th e  b e n e f i t s  and s h o rtc o m in g s  o f  
such usage s h o u ld  be e v a lu a te d  b e fo re  t h is  a l t e r n a t iv e  is  adop ted  in  a p a r t i c ­
u la r  s i t u a t io n .
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